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I.  PROGRAM  OBJECTIVES 

The  objectives  of  this  on-going  program  have  been 

(a)  the  development  of  the  basic  physics  of  the  low- 
energy  x-ray  and  associated  electron  interactions  and 

(b)  the  application  of  this  physics  to  problems  of 
immediate  need  and  importance. 

In  recent  years  the  particular  application  areas  to 
which  this  program  has  been  addressed  are; 

1.  Molecular  and  solid  state  spectroscopy;  radia¬ 
tion  damage. 

2.  Pulsed  x-ray  source  spectroscopy  (At  >  10  pico¬ 
seconds  ) . 

3.  X-ray  optics 

a.  Analyzers  (crystals  and  multilayers) 

b.  Focussing,  primary  monochromators  for  x-ray 
microscopes,  telescopes  and  for  synchrotron  radiation 
light  sources. 

c.  Position  sensitive  detectors:  time  integra¬ 
ting  and  time  resolving. 

d.  X-ray  lithography  for  microelectronics 
fabrication . 


4.  High  temperature  plasma  diagnostics 

a.  Fusion  energy 

b.  X-ray  lasers 

c.  X-ray  astronomy 
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II.  RESEARCH  RESULTS* 


A.  Basic  Interaction  Physics 

We  are  pleased  to  report  that  an  entire  issue  of  the 
journal,  Atomic  Data  and  Nuclear  Data  Tables  [77],  was 
published  during  this  contract  period  upon  our  recent 
work  on  Low-Energy  X-Ray  Interaction  Coefficients: 
Photoabsorption,  Scattering  and  Reflection,  E  =  100-2000 
eV,  Z  =  1-94.  This  144-page  monograph  includes  a  summary 
of  the  methods  for  using  these  atomic  scattering  factor 
tables  for  the  characterization  of  reflection  by  x-ray 
mirrors,  multilayers  and  crystals  as  applied  in  low- 
energy  x-ray  spectrometry.  These  tables,  for  the  94 
elements,  have  also  been  made  available  on  data  disks  for 
efficient  computational  analysis  [75].  The  data  disks 
have  been  supplied  to  groups,  at  all  of  the  National 
Laboratories  involved  in  x-ray  research.  And  we  have 
arranged  (cost  supported  by  this  University)  to  send 
four-hundred  reprint  copies  of  this  monograph  to 
requestors  throughout  the  scientific  community. 

In  order  to  apply  these  data  for  absorption  and 
scattering  of  the  low-energy  x-rays,  we  have  reviewed  the 
old  programs  and  have  developed  new  ones  for  the  calcula¬ 
tion  of  the  reflection  characteristics  of  crystals 
multilayers  and  mirrors.  These  have  been  applied  for  the 
detailed  characterization  of  monochromator  and  analyzer 
systems  of  current  interest  for  the  100-2000  eV  region. 
These  results  have  been  important  in  guiding  the 
development  of  new  systems  for  spectroscopic  analysis  and 
their  calibration  [73,82]. 

A  sensitive  test  and  measure  of  the  low-energy  x-ray 
atomic  scattering  factors  has  been  the  experimental 
characterization  of  crystal  and  multilayer  analyzers  and 
of  mirror  monochromators.  (Their  reflectivities  are 
strongly  dependent  upon  both  the  real  and  the  imaginary 
parts  of  the  scattering  factors.)  A  comprehensive  work 
is  now  nearly  completed  on  the  Model  Calculations  and 
Measurement  of  Low-Energy  X-Ray  Reflecting  Systems 
[82,83]. 

The  basic,  associated  electron  interactions  which  we 
have  been  investigating  have  been  involved  with  the  con¬ 
version  of  photons  to  photoelectrons.  The  electronic 


♦Numbers  refer  to  first-page  abstracts  presented  in  Sec. 
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photoemission  characteristics  are  of  particular  practical 
importance  in  the  design  and  optimization  of  x-ray  detec¬ 
tors  as  the  x-ray  diodes  and  the  x-ray  streak  cameras 
(see  below).  In  the  research  program  period  reviewed 
here,  we  have  been  making  the  very  needed  measurements  of 
the  absolute  quantum  yields  and  of  the  photon  counting 
efficiencies  of  practical  photocathode  materials,  cesiixm 
iodide  in  particular.  The  ratio  of  the  quantum  yield  to 
the  photon  counting  efficiency  is  the  average  number  of 
electrons  generated  per  signal  pulse  and  is  an  important 
basic  electron  generation  statistic  that  is  needed  for 
the  optimum  design  of  photocathodes  for  x-ray  detection 
and  imaging  devices. 

Another  fundamental  characteristic  of  photocathode 
emission  is  the  secondary  electron  energy  distribution 
associated  with  photoemission.  The  width  of  the  energy 
distribution  curve  (EDO  ultimately  determines  the  limit 
of  the  time  resolution  for  the  x-ray  streak  camera.  We 
have  carried  out  on  this  program  a  comprehensive  series 
of  EDC  measurements  of  metal  and  insulator  type  photo¬ 
cathodes  .  [56,57,61,63,68,71,72,78,82] 


B.  Molecular  and  Solid  State  Spectroscopy; 

Radiation  Damage 

The  chemical  physics  of  thin  films  and  surfaces  and 
of  radiation  damage  phenomena  can  be  effectively  studied 
through  low-energy  x-ray  fluorescence  spectroscopy.  This 
is  because  the  electronic  transitions  from  the  outermost 
electron  levels  to  the  first,  sharp  inner  core  holes 
involve  subsequent  fluorescent  x-ray  emission  in  the  low- 
energy  region  (less  than  a  few  hundred  eV).  The  rich 
structural  detail  of  these  spectra  accurately  reflect 
energies  and  symmetries  of  the  outer  electronic  levels 
that  identify  molecular  and/or  crystalline  states.  A 
series  of  exploratory  investigations  were  conducted  in 
order  to  define  the  important  problems  involved  in  such 
measurement  and  analysis.  [58,59,62,64,65,67,69,70] 

A  very  significant  result  of  these  studies  has  been 
the  demonstration  that  for  molecular/solid  state  spec¬ 
troscopy  of  many  thin  film  systems,  the  x-radiation 
excitation  of  the  material  that  is  required  for  the 
fluorescence  analysis  ^  also  sufficient  to  seriously 
change  the  sample ' s  surface  chemical  state .  An  important 
conclusion  has  been  that  for  this  very  useful  analysis 
technique,  more  intense  excitation  light  sources  are  not 
needed.  Rather  there  is  a  strong  indicated  need  for  more 
efficient,  "faster"  low-energy  x-ray  spectroscopy.  It 
has  been  for  this  reason  that  an  important  effort  of  this 
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program  has  been' directed  to  the  development  of  opti¬ 
mized,  high  efficiency  spectrographic  systems.  For  this 
part  of  our  program  we  have  been  "fortunate  to  receive 
added  development  funding  through  a  DOD-University 
Instrvimentation  Grant  for  the  development  of  a  "state  of 
the  art"  fast  spectrograph  for  high  resolution,  low- 
energy  x-ray  spectroscopy.  This  system,  currently  under 
development,  utilizes  close  coupled  curved  crystal 
focussing  optics  and  position  sensitive  detection  along 
the  Johann  circle  (for  simultaneous  spectral  band 
measurement).  Along  with  the  basic  low-energy  spectros¬ 
copy,  this  instrumentation  will  be  applied  to  sensitive 
and  precise  studies  of  the  radiation  damage  growth 
process  in  thin  films.  [89] 


C.  Pulsed  X-Ray  Source  Spectroscopy 
100-10,000  eV  (At  >  10  picoseconds) 

In  order  to  accomplish  the  diagnostics  of  the 
intense  pulsed  x-ray  sources  that  are  now  available,  an 
important  need  has  developed  for  well  calibrated, 
absolute  pulsed  source  spectrometry,  A  spectrograph  with 
time  integrating  and  time  resolving  recording  is  required 
for  x-ray  pulse  measurement  in  the  picosecond  to  milli¬ 
second  range  and  for  the  100-10,000  eV  region.  Typical 
pulsed  sources  include  those  produced  by  focussed  laser 
or  particle  beams,  by  magnetic  confinement  machines  such 
as  the  Tokomaks,  by  the  Z-pinch,  exploding  wire  and 
imploding  liner  plasmas.  The  spectrograhic  design 
requirements  for  this  type  of  spectroscopy  are  very 
different  from  those  for  the  high-sensitivity  scanning 
spectrograph  described  above. 

We  have  developed  a  spectrometer  based  upon  an 
elliptically  curved  Bragg  reflecting  analyzer,  placing 
the  intense,  small  source  of  pulsed  x-rays  at  one  focal 
point  and  a  small  scatter  aperture  at  the  second  focal 
point  through  which  all  Bragg  reflected  wavelengths  will 
proceed  to  a  detection  circle  (with  this  second  focal 
point  as  its  center).  A  detailed  geometrical  and  physi¬ 
cal  optics  analysis  of  this  fixed  analyzer  spectrometer 
for  pulsed  sources  has  just  been  published  and  is  appen¬ 
ded  here  at  the  end  of  Sec.  Ill  [79].  Also  presented  in 
this  report  are  notes  on  the  construction  of  elliptical 
analyzers  for  the  100-10,000  eV  region,  on  analysis 
methods  for  absolute  line  and  continuum  spectral  analy¬ 
sis,  and  on  some  initial  measurements  made  with  a  laser- 
produced  plasma  source.  We  have  applied  this  type  of 
spectrograph  in  collaboration  with  the  diagnostics  group 
at  the  Sandia  National  Laboratories.  Similar  instruments 
are  now  under  development  at  the  Lawrence  Livermore 
National  Laboratory  and  at  the  Los  Alamos  National  Laboratory. 
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We  were  invited  in  1982  to  develop  a  special  ellip¬ 
tical  analyzer  spectrograph  system  for  x-ray  diagnostics 
applications  on  the  24- laser-beam  OMEGA  facility  at  the 
Laboratory  for  Laser  Energetics,  University  of  Rochester. 
This  instrviment  has  been  designed  and  constructed  in  this 
laboratory  in  the  1982-83  period  and  is  now  undergoing 
its  initial  testing  on  OMEGA  at  the  University  of 
Rochester.  Additional  construction  funds  and  the  support 
of  a  post-doctoral  research  associate  for  this  part  of 
our  program  were  provided  by  the  DOE  through  the  LLE, 
University  of  Rochester. 

Detailed  reports  on  this  spectrograph  system  are  now 
in  preparation  [84,85,86].  A  photograph  and  drawing  of 
this  instrument  are  presented  in  Sec.  IV.  As  will  be 
noted,  it  incorporates  matched,  elliptical  analyzer  spec¬ 
trometers,  one  with  a  time-integrating  photographic 
camera  and  the  other  with  a  specially  designed  streak 
camera. 


D.  X-Ray  Optics 

1 .  Analyzers  and  Monochromators 

Along  with  our  theoretical  model  calculations  for 
the  reflectivity  characteristics  of  crystals,  multilayers 
and  mirrors,  as  described  earlier,  we  have  maintained  an 
experimental  program  on  the  characterization  of  these 
x-ray  optical  elements.  Our  on-going  program  on  the 
development  of  the  Langmuir-Blodgett  molecular  multi¬ 
layers  is  unique  in  its  long  standing  achievements, 
particularly  in  the  perfection  of  molecular  multilayers 
as  low-energy  x-ray  analyzers.  A  special  laboratory  has 
been  established  for  this  project.  Many  workers  from 
other  institutions  have  trained  in  this  laboratory  on 
fabrication  techniques.  And  this  program  has  freely 
supplied  other  research  laboratories  with  multilayer 
analyzers  constructed  of  lead  salts  of  the  straight-chain 
fatty  acids  with  2d-spacings  in  the  70-160  A  range  for 
their  low-energy  x-ray  spectroscopy  programs. 

We  have  been  able  to  routinely  construct  multilayers 
such  as  lead  myristate,  lead  stearate  and  lead  behenate 
(2d-spacings  of  80,  100  and  120  A,  respectively)  that 
have  reached  the  theoretically  predicted  values  for  peak, 
integrated  reflectivities  and  for  the  reflectivity  curve 
widths . 

The  Langmuir-Blodgett  multilayers  may  be  deposited 
upon  surfaces  of  any  curvature  and  consequently  can  be 
developed  as  focussing  analyzers  and  as  fixed  analyzers 


(as  the  elliptical  analyzers  described  above). 

Another  on-going  investigation  of  this  program,  as 
noted  earlier,  has  been  upon  the  systematic  measurement 
of  the  reflectivity  of  grazing  incidence  mirror  mono¬ 
chromators  versus  photon  energy  and  angle  of  incidence 
174,88].  Again,  for  mirrors  of  good  quality,  we  have  b,een 
able  to  demonstrate  reflection  efficiencies  that  are  as 
predicted  by  the  Fresnel  theory  using  our  calculated 
scattering  factors  (except  very  near  critical  absorption 
edge  energies). 

Described  in  a  photograph  presented  in  Sec.  IV  is  a 
special  calibration  facility  that  has  been  established  in 
this  laboratory  for  the  characterization  of  mirrors, 
multilayers  and  crystals  in  the  100-10,000  eV  region  with 
which  many  focussing  geometries  may  also  be  evaluated. 


2.  Position  Sensitive  Detection 

In  the  development  in  this  laboratory  of  the  spec¬ 
trograph  for  pulsed  source  spectrometry,  described  above, 
the  Streak  and  Photographic  Elliptical  Analyzer  X-Ray 
Spectrograph  (SPEAKS  system),  some  new  approaches  were 
taken  to  obtain  absolute  time  integrated  and  time 
resolved  recording  of  the  Bragg  reflected  spectra. 
Essentially  no  adequate  film  calibration  data  were 
available  for  absolute  measurements  in  the  low-energy  x- 
ray  region.  And  no  x-ray  streak  cameras  were  available 
with  entrance  slit  lengths  sufficiently  large  to  accomo¬ 
date  other  than  a  very  small  section  of  a  Bragg  reflected 
spectrum.  The  following  important  programs  on  position 
sensitive  detection  were  completed  this  past  year. 


a.  Photographic  Films — -New  mathematical  models  and 
new  methods  for  absolute  characterization  for  photo¬ 
graphic  film  response  in  the  100-10,000  eV  region  have 
been  developed  in  order  to  meet  a  serious  present  need 
for  better  understanding  and  implementation  of  absolute 
photographic  measurement.  As  examples  of  application  of 
this  new  approach,  five  films  of  current  importance  in  x- 
ray  diagnostic  measurement  have  been  characterized. 

These  are  Kodak's  101-07,  SB-392,  the  RAR  2492,  2495  and 
2497  films.  Abstracts  of  a  two-part  report  on  this  work 
are  presented  in  Sec.  Ill  [80,81]. 


b.  X-Ray  Streak  Cameras — Beginning  this  last  year 
we  have  been  fortunate  to  have  working  with  us  a  post- 
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doctoral  research  associate,  Dr.. Paul  Jaanimagi,  on  the 
construction  of  a  new  x-ray  streak  camera  specially  de¬ 
signed  for  our  SPEAXS  system  [86,87]. 


We  have  appreciably  modified  the  RCA  73435  Streak 
Tube.  Increasing  the  photocathode  length  to  access  more 
resolution  elements  required  demagnified  electron  optical 
imaging;  spherical  and  other  aberrations  degrade  the  off- 
axis  image.  Also  the  image  size  gets  unwieldy.  Very 
strict  mechanical  and  electrical  tolerances  were  main¬ 
tained  to  achieve  good  spatial  resolution  over  a  large 
area  photocathode.  Large  (20  kV/cm)  accelerating  fields 
at  the  photocathode  were  required  to  obtain  10  ps  time 
resolution  in  the  x-ray  region.  This  was  achieved  by 
using  a  slot  aperture  rather  than  a  mesh  in  proximity  to 
the  cathode.  The  diverging  lens  properties  of  the  slot 
resulted  in  a  net  demagnification  (6:1)  for  the  photo¬ 
cathode  slit  width,  permitting  1  mm  wide  input  slits  for 
high  sensitivity.  An  accurate  electron  optics  ray  trace 
code  proved  very  useful  in  the  preliminary  design  work. 

Dr.  Jaaniraagi  is  now  characterizing  this  new  x-ray 
streak  camera  on  a  50  picosecond  laser-produced  x-ray 
source  at  the  Laboratory  for  Laser  Energetics,  University 
of  Rochester.  We  plan  next  to  evaluate  the  dynamic 
response  of  transmission  photocathodes  of  gold,  low  and 
high  density  cesium  iodide  which  have  been  characterized 
as  to  their  quantum  yield  and  photon  counting  efficiency 
in  this  laboratory. 

With  this  calibrated  streak  camera  on  one  channel  and 
with  a  photographic  camera  on  the  other  matched  channel 
of  the  SPEAXS  system,  we  plan  to  effectively  test  the 
dynamic  response  of  the  photographic  film  in  the  pico¬ 
second  region  (e.g.,  to  gain  a  test  of  the  reciprocity 
law  for  picosecond  x-ray  bursts). 


3.  X-Ray  Lithography 

We  would  like  to  note  here  the  potential  importance 
of  the  low-energy  x-ray  physics  and  technology  described 
here  to  the  semiconductor  research  programs. 

By  "contact  printing"  through  electron-beam  fabri¬ 
cated,  high  resolution  integrated  circuit  templates 
onto  suitable  resists  with  low-energy  x-rays  rather  than 
with  light,  the  diffraction-limited  resolution  of  the 
resulting  IC's  might  be  improved  by  an  order  of  magnitude 
or  more.  Intense,  pulsed,  soft  x-ray  sources  would  be 
required.  Focussing  x-ray  mirrors  for  concentrating  the 
required  high  intensity  of  x-rays  onto  the  templates  are 
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needed.  Efficient  mirror  monochromators  for  such  x-ray 
lithography  could  be  large  aperture,  near-normal 
incidence  optical  mirrors  coated  with  multilayers  to 
enhance  their  reflectivity  at  the  desired  low-energy  x- 
ray  wavelengths. 

The  optimum  choice  and  the  characterization  of 
appropriate  resist  materials  for  x-ray  lithography  might 
be  very  effectively  guided  by  the  type  of  molecular  state 
spectroscopy  and  measurement  of  radiation  damage  that  has 
been  established  on  this  research  program. 

Finally,  it  has  already  been  proposed  that  Langmuir- 
Blodgett  films  of  the  type  that  are  fabricated  in  this 
laboratory  might  well  constitute  the  basic  thin  film 
material  for  superior,  high  resolution  electron  and  x-ray 
resists.  See,  for  example,  A.  Barraud  et  al., 
"Monomolecular  Resists:  A  New  Class  of  High  Resolution 
Resists  for  Electron  Beam  Microlithography , "  Solid  State 
Technology  (August  1979)  and  M.  C.  Petty,  "Langmuir- 
Blodgett  Films,"  Endeavour,  New  Series,  Vol.  7,  No.  2 
(Pergaraon,  1983). 


E.  High  Temperature  Plasma  Diagnostics 

The  work  of  this  progr^un  on  achieving  well-calibra¬ 
ted  absolute  low-energy  x-ray  spectroscopy  has  been 
inspired  by  and  directed  to  collaborative  efforts  with 
the  large  programs  involved  with  high  temperature  plasma 
diagnostics.  The  pulsed  source  spectrometry  described 
here  is  being  applied  at  several  laboratories  including 
the  Lawrence  Livermore  National  Laboratory,  Los  Alamos 
National  Laboratory  and  the  Laboratory  for  Laser 
Energetics  at  the  University  of  Rochester  for  fusion 
energy  reearch  involving  very  intense,  pulsed  x-ray 
sources.  Also,  alongside  this  ICF  research  is  that  on 
the  development  of  x-ray  lasers  which  requires  the  large 
pulsed  x-ray  sources  and  similar  x-ray  spectroscopic 
diagnostics . 

We  are  also  collaborating  with  several  x-ray 
astronomy  groups  on  low-energy  x-ray  imaging  and  spec¬ 
troscopy  of  astrophysical ,  high-temperature  plasmas.  Our 
significant  contributions  for  advancing  x-ray  astronom¬ 
ical  research  has  been,  for  example,  our  work  on 
interaction  cross  sections  [77],  low-energy  x-ray 
focussing  multilayer  and  mirror  systems  [87,88]  and  the 
absolute  yield  measurements  and  photon  counting 
efficiency  of  optimized,  high  yield  Csl  photocathodes  for 
position  sensitive  imaging  [82]. 
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F.  Student  Training  in  X-Ray  Physics  Research 

There  is  a  serious  shortage  in  the  U.S.  at  this  time 
of  graduates  experienced  in  radiation  physics  generally 
and  particularly  in  the  x-ray  physics.  The  training  of 
young  x-ray  physicists  has  continued  to  be  an  important 
part  of  this  University  grant  research  program. 

Rupert  C.  C.  Perera  conducted  his  PhD  program  in  x- 
ray  physics  on  this  project  and  is  now  in  the  x-ray 
optics  group  at  the  National  Bureau  of  Standards.  The 
title  of  his  thesis  is  "Low-Energy  X-Ray  Emission  Spec¬ 
troscopy  in  the  100-500  eV  Region:  Molecular  Orbital 
Interpretation,"  He  has  just  been  appointed  to  a  Staff 
Scientist  position  at  the  new  Center  for  XUV  Optics, 
Lawrence  Berkeley  Laboratory. 

Kandatege  Premaratne  has  completed  his  PhD  program 
and  is  now  teaching  university  physics  and  has  worked  on 
this  project  as  a  post-doctorate.  The  title  of  his 
thesis  is  "X-Ray  Photoemission  Theory  and  Experiment: 
Characterization  of  X-Ray  Photocathodes." 

Tina  J.  Tanaka  completed  her  PhD  program  in  May 
1983.  The  title  of  her  thesis  is  "X-Ray  Diagnostics  of 
Laser  Plasmas  with  a  Calibrated  Elliptical  Analyzer  Spec¬ 
trograph."  She  has  accepted  a  Staff  Scientist  position 
at  the  Sandia  National  Laboratories,  Albuquerque  in  x-ray 
physics . 

Since  its  beginning,  this  program  has  very  success¬ 
fully  involved  the  participation  of  research  assistants 
of  undergraduate  physics  students,  usually  through  their 
Junior  and  Senior  years.  They  have  contributed 
significantly  to  the  program  and  often  as  co-authors  on 
research  papers,  and  graduate  as  motivated  and  experienced 
applied  physicists.  Those  who  have  had  their  high  school 
and  BS  programs  in  Hawaii  are  strongly  encouraged  to 
proceed  on  to  their  graduate  work  at  major  Universities 
on-  the  U.S.  mainland.  During  the  siunmer  after  graduation 
and  before  graduate  school,  we  have  been  able  to  arrange 
for  many  of  these  students  to  work  as  summer  researchers 
at  the  National  Laboratories.  Listed  below  are  students 
who  have  recently  trained  as  undergraduate  assistants  on 
this  program  and  are  now  completing  their  graduate  work 
at  other  Universities. 

Ronald  Ono  completed  his  PhD  this  year  at  the  State 
Uni  versi tv  of  New  York  at  Stony  Brook .  He  is  now  a  post- 
doctorate  at  the  University  of  Colorado .  Christophe  Berg 
has  completed  his  MS  in  X-Ray  Astronomy  at  the 
Massachusetts  Institute  of  Technology  and  Mark 
Schattenburg  plans  to  complete  his  PhD  in  X-ray  Physics 


also  at  MIT  within  the  next  year.  Eric  Gullikson  will  be 
completing  his  PhD  by  mid-summer  at  the  University  of 
California-San  Diego.  Brian  Fujikawa  is  finishing  the 
third  year  of  his  Physics  PhD  program  at  the  California 
Institute  of  Technology  as  is  Bruce  Young  at  the  Univer¬ 
sity  of  California-Davis  in  a  Physics  PhD  program 
supported  by  the  Lawrence  Livermore  National  Laboratory. 
Randy  Shimabukuro  has  just  completed  his  MS  in  Physics  at 
the  University  of  California-San  Diego  and  plans  to  com¬ 
plete  his  PhD  program  at  UCSD  as  part  of  a  work/study 
program  with  the  Naval  Electronics  Laboratory  there. 

Grace  Lim  has  completed  her  first  year's  graduate  studies 
in  Physics  at  the  San  Jose  State  University  supported 
through  her  position  in  the  x-ray  analysis  laboratory  at 
IBM-San  Jose.  Mary  Pottenger  Hockaday  is  gaining  her  PhD 
in  X-ray  Physics  at  tne  University  of  New  Mexico-Las 
Cruces .  Robert  Hockaday  has  joined  Mary  there  and  is  now 
completing  his  MS  thesis  for  an  Engineering  degree  at 
UNM.  (Bob  and  Mary  continue  to  be  part-time  staff  mem¬ 
bers  as  x-ray  physicists  at  the  Los  Alamos  National 
Laboratory.)  Finally,  Hubert  Yamada  was  appointed  to  a 
summer  research  position  in  x-ray  plasma  diagnostics  at 
the  Lawrence  Livermore  National  Laboratory  and  proceeded 
this  year  with  a  fellowship  for  his  PhD  prograin  at  the 
California  Institute  of  Technology. 


G.  Collaborative  Efforts 

As  has  already  been  indicated,  this  program 
continues  to  involve  close  collaborations  with  groups 
working  particularly  in  the  low-energy  x-ray  diagnostics 
at  major  government,  university  and  industrial 
laboratories.  These  efforts  include  work  sessions  of  a 
few  days  or  more  at  this  laboratory  and  also  visits  by 
this  principal  investigator  at  the  other  laboratories 
(see  Sec.  IV).  These  collaborations  are  of  considerable 
importance  to  this  program,  not  only  in  gaining  an 
efficient  exchange  of  new  information  but  also  in  having 
the  opportunity  to  learn  about  the  specific  important 
current  needs  of  the  U.S.  scientific  community  in  the 
area  of  low-energy  x-ray  physics. 

This  principal  investigator  was  the  co-organizer 
with  Dr.  David  T.  Attwood  of  the  Lawrence  Berkeley 
Laboratory  for  a  special  Topical  Conference  on  Low-Energy 
X-Ray  Diagnostics  sponsored  through  the  American  Physical 
Society.  It  was  held  in  Monterey,  California,  June  8-10, 
1981.  This  three-day  meeting  included  invited,  tutorial- 
type  papers  by  scientists  from  major  laboratories 
throughout  the  world  addressing  most  of  the  topics  which 
have  been  discussed  here.  In  1981  the  American  Institute 


of  Physics  published  a  complete  bound  volume  on  the 
Proceedings  of  the  meeting  {AIP  Conference  Proceedings. 

No.  75  on  Low-Energy  X-Ray  Diagnostics^  1981,  D.  T. 
Attwood  and  B.  L.  Henke,  Editors).  [73,74,75]  We 
believe  that  the  very  enthusiastic  reception  of  this  con¬ 
ference  by  all  of  the  250  participants  has  clearly  and 
strongly  expressed  the  considerable  growing  importance 
and  needs  for  development  of  the  XUV  physics  and  asso¬ 
ciated  optical  techniques. 
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III.  FIRST-PAGE  ABSTRACTS  OF  RESEARCH 
PUBLICATIONS  FOR  THE  1978-83  PERIOD 

AND 

A  REPRINT  OF  THE  RECENTLY  PUBLISHED  REPORT, 
"Pulsed  Source  Spectrometry  in  the  80-8000  eV  Region" 
B.  L.  Henke,  H.  T.  Yamada,  and  T.  J.  Tanaka 
Rev.  Scl .  Inst rum.  54  (10),  October  1983 
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0.1-1 0-keV  x-ray-induced  electron  emissions  from 
solids — Models  and  secondary  electron. measurements 

Burton  L  Henke  and  Jerel  A.  Smith 


Unirtnily  of  Hawaii,  Honolulu,  Hawaii  96822 

David  T.  Attwood 

Lawrmee  Livermert  Laboratory,  Lirtrmort,  California  94ii0 

(Received  tS  September  1976;  accepted  for  publication  14  December  1976) 

Analytical  models  arc  presented  describing  the  i-ray-eadted  emission  of  “no-losa-  pholoelectrons  and 
Anger  electrons  and  the  energy  distribution  of  emitted  secondary  electrons.  The  secondary  deetion  energy 
distribution  is  given  in  terms  of  the  eleetroa  kinetic  energy  £,.  work  function  W,  photon  energy  E„  and 
tnasa  photoionuation  cociricient  p(^),  as  proportional  to  C^is(£^)£e(£e+  HO"*-  Techniquea  of  electron 
apeetral  measurements  utilizing  uniform  field  preaecdetation  and  limited  accepunce  angle  ipectrameten 
are  discusvd.  Secondary  electron  energy  distribtitioiu  are  measured  at  about  10'*  Torr  from  thick 
evaporated  films  of  gold  and  aluminuin  at  photon  energies  277.  I4t7.  and  8030  eV.  The  shapes  of  these 
distributions  do  not  depend  significantly  upon  photon  energy.  The  full  svidth  at  half-masimiim  (FWHM)  of 
these  distributions  are  3.9,  6.7,  and  4.4  eV  for  Au  and  ion-deaned  .\u  and  A1  photoeathodes,  respectively. 
The  data  agree  well  with  the  model  predictions. 


PACS  numbers;  79.60.Ca.  73.3a  4- y.  72.103g 
\  INTRODUCTION 

This  work  Is  In  sequel  to  and  in  support  of  a  recent 
presentation  by  the  authors  of  soine  measurements  on 
the  secondary  electron  energy  distributiofis  from  gold 
as  excited  by  C-ff,  (277  eV)  and  A1-/C,  (1487  eV)  x-ray 
photons.  ‘  It  is  an  attempt  to  present  the  basic  physics 
for  the  measurement  and  for  the  Interpretation  of  the 
x-ray-induced  electron  emissions  from  uniform  isotro¬ 
pic  solids. 

la  Fig.  1  are  shown  the  typical  characteristics  of  an 
electron  spectrum  induced  by  an  x-ray  beam  incident 
Bpoo  a  solid.  Illustrated  here  are  the  sharp  photoelcc- 
tron  and  Auger  electron  *'no-loss’*  lines  with  their 
characteristic  energy  loss  tail  structure,  along  with  the 
low-energy  secondary  electron  distribution.  In  contrast 
to  ttv-excited  electron  spectra,  here  the  photoelectrons 
and  the  principal  sharp  Auger  electron  emissions  are 
well  outside  the  low-energy  secondary  electron  energy 
region.  The  secondary  electron  spectrum  peaks  at  about 
1  to  2  eV  and  has  a  full  width  at  half-maximum  (FWHM) 

^  that  is  usually  below  10  eV.  In  this  0—30  eV  interval 
are  typically  from.  SO  to  90%  of  the  total  number  of 
electrons  emitted  (or  photon  excitation  in  the  100  — 
10000-eV  region. 

The  x-ray -excited  electron  spectra  constitute  a 
unique  “window"  into  the  solid  and  its  electron  excita¬ 
tion,  transport,  and  escape  processes.  When  a  thorough 
undersUnding  o(  the  physics  of  these  processes  is 
gained,  electron  spectroscopy  can  provide  an  important 
quantitative  basis  for  the  physical  and  chemical  analysis 
of  solids.  The  electron  spectroscopy  (or  chemical 
analysis  (referred  to  as  ESCA  or  XPS)  has  become  a 
well-recognized  research  area  within  the  last  ter. 
years.’ 

The  photoelectric  conversion  of  x-ray  intensity  into 
electron  emission  can  provide  an  important  practical 
basis  for  x-ray  intensity  measurement.  X-ray  photo¬ 
electric  detectors  are  vacuum  devices  and,  unlike  gas 
ionization  detectors,  can  be  windowless.  A  unique 
advantage  of  the  photoelectric  detector  is  that  it  can  be 


applied  effectively  over  a  wide  band  of  photon 
energies.  *•* 

A  very  recent  application  of  secondary  electron 
detectors  has  been  in  the  development  of  streak  and 
framing  cameras  for  the  diagnostics  of  x-ray  bursts 
from  laser-produced  plasmas.  The  time  spread  In  the 
photocon verted  secondary  electron  emission  per  photon 
Is  probably  of  the  order  of  10'‘*  sec,  and  the  energy 
spread  Is  of  the  order  of  10  eV.  An  x-ray  source  can 
be  Imaged  and  photoconverted  to  an  electron  source 
which  may  then  be  relmaged  down  a  streak  or  framing 
camera  tube  with  an  accelerating  electron  lens  system. 
The  time  history  of  an  x-ray  event  can  be  obtained  by  a 
fast  transverse  deflection  of  this  image,  e.  g. ,  to  form 
a  "streak”  pattern  with  a  time  resolution  in  the  picosec¬ 
ond  range.  *•*"* 

In  order  to  support  research  and  application  in  x-ray 
photoemission,  considerably  more  theoretical  and  ex¬ 
perimental  work  should  be  done  on  the  development  of 
a  quantitative  relationship  between  the  electron  emis¬ 
sion  spectrum,  the  incident  photon  energy,  and  the 
characteristics  of  the  photocathode.  There  is  no  com¬ 
plete  theory  of  x-ray  photoemission  that  is  available 


F7G.  1.  A  tyTJic.tl  x-ray-cxcile«l  photocmi.<!sion  spectrum. 
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High-efficiency  low-energy  x-ray  spectroscopy  in  the 
100-500-eV  region 
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Vithtnity  ^  Hawaii,  Honolulu,  Houtoil  96811 
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Tbe  Iced  mjrriitate  mullileyer  ejialyzer  hes  provided  i  beiij  lor  e  rclelively  simple  and  efficient 
spectneoopy  Tor  the  low-energy  e-ray  cmutioni  in  the  20-40-A  region  (where  convoitional  crystal 
spectroscopy  and  grazing  incidence  grating  spectroscopy  arc  generally  incffidoit).  TTic  percent  reflectivity, 
the  integrated  coefficient  of  reflection,  and  the  Bragg  diffraction  width  of  the  lead  myriatate  analyzer 
have  been  ncaaurad  and  found  to  be  consistent  with  the  predictions  of  a  simpfe  theoretical  model  far 
multilayer  diffraction.  This  multilayer  speetroaeopy  at  large  Bragg  angica  has  a  high  efficiency  (high 
mstrument  transmission)  as  oompnrod  to  grazing  incidenec  grating  spectreseopy  m  this  20-B0-A  cegion. 
However,  the  resolution  is  limited  to  that  set  by  the  diffraction  width  of  the  lead  myiistace  analyzer  of 
about  I  cV.  Because  the  collimator'<ryttal  broadening  function  can  be  precisely  defined,  a  simple  and 
(ffective  deconvolution  procedure  can  be  applied  arith  this  multilayer  spectroscopy  to  bring  the  resolution 
into  the  sub-electron-volt  region.  To  demonstrate  the  efficiency  of  lead  myrislate  speetroaeopy  in  the 
TO-dO-A  region,  spectra  were  measured  and  analyzed  from  x-ray  eaaled  fluotcacent  sontocs  which  are 
characteristically  of  tow  intensity.  (X-ray  excitation  yields  a  minimum  et  background  spectra  and  of 
radiatioo  damage.)  These  tneludc  the  L],j  atomie  spectrum  of  argon  and  the  C-K  raolecolar  spectrum  of 
CO],  both  in  the  gat  phase,  and  the  and  O-K  spectra  from  solid  lithium  perehlorate.  Many 

samples  undergo  sppreciabic  radislion-induccd  chemical  change  during  the  expoaute  time  that  is  required 
for  measurement— even  with  an  optimally  fast  spectrograph  and  with  fluorescent  excitatioiL  A  method 
has  been  developed  to  evaluate  and  to  correct  for  radiation  damage  by  distributing  the  exposure  over  an 
effectively  large  sample  volume  either  by  gas  flow  or  by  rotating  through  multiple  samples  during 
measurement.  Several  spectral  scans  were  made  on  the  LiQO,  using  six  samples.  The  total  expoaure  time 
for  each  data  point  in  each  scan  was  recorded  which  permitted  an  extrapolation  into  a  -zero”  exposure 
spectnim.  Finally,  fe-Lf  y/O-K  spectrum  (from  Fe,0|)  in  the  17-23-A  region  is  presented  So  illustrate 
the  effectiveness  of  the  lead  myrislate  analyzer  in  ihird-order  diffraction.  For  this  multilayer,  the  third- 
order  diffraction  efficiency  is  one-third  that  of  the  first  order  ar.d  is  nearly  twice  that  of  the  second  order 
for  this  wavelength  region. 


FACS  numbers:  07.S3.+n.  JZM.Rj.  52.70  Kz.  33.20.Rm 


INTRODUCTION 


There  are  two  areas  in  which  low-energy  x-ray  spectrosco¬ 
py  is  of  particular  importance  at  this  time — the  diagnostics 
of  high-temperature  plasmas'  and  the  determination  of  the 
chemical  and  solid-state  electronic  structure  of  atomic  sys¬ 
tems.^ 


the  core  levels  typically  result  in  low-energy  x-ray  spectra 
at  a  few  hundred  eV  or  less. 


In  the  controlled  thermonuclear  fusion  research,  a  critical 
temperature  region  of  current  interest  is  in  the  (I- 10)  X  10" 
•C  range.  The  plasmas  involved  emit  radiations  most  char¬ 
acteristically  in  the  low-energy  x-ray  region  (lOO-lOOO  eV/ 
10-100  A).  The  detailed  spectroscopy  of  these  plasma  ra¬ 
diations  can  yield  information  as  to  the  plasma  density,  tem¬ 
perature,  and  the  identity  and  amount  of  contaminating  ele¬ 
ments.  The  low-energy  x  r.idiation  from  pulsed  pl.isma 
sources  (as  produced  by  lasers  or  exploding  wires)  can  he 
very  efficiently  converted  to  relatively  sharp  distributions 
in  energy  of  secondary  electrons-'  that  arc  .-imenable,  with 
Streak  camera  techniques,  to  lime-history  measurements  ap¬ 
proaching  psec  resolutions. 


Using,  for  example,  the  acid  phthallate  crystals  {2d  value 
of  about  26.6  A),  the  conventional  x-ray  crystal  spectroscopy 
has  been  very  effectively  extended  down  to  about  300  eV.^ 
Extreme  ultraviolet  diffraction  grating  spectroscopy  has 
been  extended  with  high  efficiency  (with  relatively  large  an¬ 
gles  of  grazing  incidence)  up  to  about  100  eV.*  We  have 
found  that  a  very  efficient  spectroscopy  in  the  gap  region  of 
100-300  eV  is  by  using  the  multilayer  analyzers  as  the  lead 
stearate  and  lead  myrislate  of  2d  values  equal  to  100  and  80 
A,  respectively.  We  have  recently  presented  the  detailed 
characteristics  and  application  of  the  lead  stearate  analyz- 
er.''--'*  in  this  paper,  we  extend  the  presentation  of  the  meth¬ 
ods  and  techniques  of  low-energy  x-ray  spectroscopy  as  spe¬ 
cially  applied  with  the  lead  myrislate  analyzer. 


Often,  the  energy  and  the  symmetry  of  the  outer  electron¬ 
ic  states  of  atomic  systems  can  be  sensitively  revealed 
through  the  spectra  associated  with  the  tr.insilions  from 
these  states  into  a  ne.-irby  relatively  sharp  core  level.  Such 
spectra  can  yield  valuable  data  complementary  to  th.at  which 
are  available  from  pholoclectron  Auger  electron  spectrosco 
py  on  the  structure  of  valence  bands,  solid-state  hands,  and 
molecular  orbitals  *  These  sensitive  first  transitions  into 


In  Secs.  II- V,  we  present  an  analysis  and  measurements 
of  the  x-ray  optical  characteristics  of  this  multilayer  analyz¬ 
er,  an  optimized  spectroscopic  and  data  analysis  procedure 
for  gaining  maximum  overall  efficiency  and  resolution,  and. 
finally,  we  present  some  examples  of  applications  to  atomic 
and  molecular  low-enervty  x-ray  spectroscopy. 


II.  REFLECTION  PARAMETERS  FOR  THE  LEAD 
MYRISTATE  MULTILAYER 


Lead  salts  of  the  fatty  acid.s  deposited  as  Langmuir-Blodg- 
etl  multilayers  have  been  demonstrated  to  be  highly  efficient 
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The  chlorine  Ln.iii  low  cneriy  >-ray  spectre  from  sodium  perchlorete,  chlorite  end  chlorite  hevc  been 
obteined  using  cerbon  K,  (222  eV)  photon  exctietion  end  e  Iced  mynstete  enelyzing  -crystel-  (2d  w  80 
A).  X-rey  induced  decomposition  «es  observed  for  eech  of  these  compounds.  By  teking  repented  spectral 
seens,  systcmeiicelly  distnbuted  over  sie  samples,  it  was  possible  to  eitrapoUtc  to  "uro-dose"  0-t.ii.iii 
spectra.  A  specially  developed  least-squares  Riting  program  was  applied  to  precisely  determine  the  energy 
and  strength  of  each  spectral  component  which  utilized  the  known  collimation  and  crystal  broadening 
functions  and  yielded  energy  resolutions  of  less  than  I  eV.  Broad  low-energy  satellite  structures  were 
observed  for  all  the  ozy-anions  and  for  chloride  (NaO)  and  have  been  compared  to  similar  satellites  as 
measured  its  the  Ar-£.„.iii  spectrum.  These  structures  were  thus  identified  as  resulting  from  multielKtron 
processes.  The  other  peaks  in  the  0-f.H.ni  spectra  of  the  ozy-anions  could  be  understood  as  corresponding 
to  transitions  from  molecular  orbiuls  with  Cl  3t  or  id  ckaracier.  These  lesults  have  demonstrated  that 
3d  orbiuls  do  play  a  definite  role  in  the  formation  of  chemicai  bonds  in  the  ozy-anions  of  chlortne  and 
that  the  importance  of  this  role  increases  with  the  ozidation  sute  of  the  chlorine.  Satisfactory  correlations 
have  been  obuined  with  the  complementary  Xp  z-ray  emission  and  photodectron  spectra  and  with 
molecular  orbital  theory  for  the  ume  anions. 


I.  INTRODUCTION 

Transitions  between  the  molecular  orbital  states  and 
the  nearby  and  relatively  sharp  core  level  st.ites  result 
In  low  energy  x-ray  spectra  that  typically  lie  In  the 
100-300  eV  (40-100 A) region.  Such  spectra  can  sensi¬ 
tively  portray  the  orbital  structure  oi  the  molecule  (or. 
In  many  cases,  oi  an  Ionic  group).  For  the  second-row 
elements,  the  nearest  core  levels  are  the 
spin-orbit  split  states.  The  atomic  binding  energies  oC 
these  Z,|t,  m  levels,  for  example,  for  IS  P,  16  S,  17  Cl, 
and  18  Ar  are  136-135,  165-164,  202-200,  and  247- 
245  electron  volts,  respectively.  In  a  particular  chem¬ 
ical  environment,  these  core  levels  oi  a  given  atom 
may  shilt  as  much  as  10  eV.  Such  core  level  chemical 
shifts  can  be  measured  by  x-ray  photoelectron  spec¬ 
troscopy  (XPS).  The  molecular  orbital  energies  are  oi 
the  order  of  10  eV  and  can  also  be  measured  directly  by 
ultraviolet  photoelectron  spectroscopy  (UPS).  The  x- 
ray  emission  spectra  directly  yield  the  dllference  in  the 
energy  of  the  molecular  orbitals  and  the  core. level 
states.  However,  unlike  the  photoelectron  spectra,  the 
x-ray  emission  5i>ectra  reveal  appreciable  information 
about  the  symmetries  o(  the  molecular  orbital  states. 
The  Z.,1.  Ill  spectral  Intensities  are  determined  mostly 
by  the  s  and  ,1  char.-.cter  of  the  orbitals  and  the  AT,  spec¬ 
tral  intensities  are  determined  mostly  by  the  fl  charac¬ 
ter  of  the  orbitals.  If  the  £.,,,  i,,  or  A',  spectrum  origi¬ 
nates  from  an  atom  o(  a  molecule  or  of  a  strongly  Ionic 
group  that  contains  only  one  such  atom,  it  is  then  rela¬ 
tively  easy  to  approximately  calculate  the  energy  and 
the  relative  Intensity  of  the  x-ray  spectral  components. 
Such  theoretical  predictions  can  simply  be  b.i.sed  upon 
one -electron  integrals  with  the  molecular  orbital  states 
described  as  linear  combinations  of  the  />,  and  d 
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atomic  orbital  functions  (LCAO  approximation).  The 
calculated  eigenvectors  are  used  to  obtain  the  dipole 
transition  probabilities.  From  such  MO  calcuiatlons 
the  relative  amounts  of  s,  p,  and  d  contribution  can 
readily  be  estimated. 

In  an  earlier  work,  Henke  and  Smith*  were  able  to 
demonstrate  the.  feasibility  of  obtaining  the  spec¬ 

tra  oi  phosphorous,  sulfur,  and  chlorine  in  different 
chemical  states  by  applying  spectrographic  techniques 
oi  such  efficiency  as  to  minimize  the  ettects  of  radiation 
decomposition.  Recently,  the  S-L,,,  ,u  spectra  have 
been  more  precisely  measured  and  analyzed  by  Henke 
and  Tanlguchl*"*  for  the  SOJ*  and  SO^  Ions  for  polycrys- 
talllne  samples  and  for  the  molecules  containing  single 
sulfur  atoms  and  in  the  gas  or  vapor  states — HzS,  SOz, 
SF|,  C«HtS.  The  molecular  orbital  information  derived 
from  these  spectra  were  compared  to  that  obtained  from 
the  complementary  photoelectron  and  K,  spectroscopy 
and  to  the  predictions  of  molecular  orbital  theory.  In 
this  present  work,  the  Cl-An,  m  spectra  tor  the  CIO;, 
CIO;,  and  CIO;  ions  for  polycrystalline  samples  are 
measured,  analyzed  and  compared  to  the  photoelectron,  - 
K,  and  MO  calculated*  data  lor  the  same  Ionic  systems. 
Also,  important  comparisons  with  the  measured  atomic 
,,,  spectra  for  Ar  and  NaCl  are  presented. 

A  striking  difference  In  the  experimental  determina¬ 
tions  of  the  1,1  spectra  of  the  sulfur  and  the  chlorine 
compounds  has  been  that  the  latter  undergo  considerably 
greater  chemical  change  as  induced  by  the  excitation 
radiation  that  is  required  for  the  spectral  measurement. 
That  radiation  dccompositlo.a  might  be  important  In  the 
soft  .x-ray  spectra  of  chioro-anions  had  been  discussed 
by  Desl*  in  the  electron  excitation  of  Cl  A',  spectra  and 
had  also  been  suggested  by  Urch‘  In  attempting  to  inter¬ 
pret  the  early  spectra  of  Henke  and  Smith.'  Subse¬ 
quently,  both  Priiw’  In  x-ray  photoelectron  experiments 
and  S.idovskii  ef  nf.  *  in  mea.suring  O-Ai,.  i,,  emission 
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ABSTRACT 


Low  energy  x-ray  spectroscopy  in  the  100-500  eV  region 
has  been  applied  here  to  molecular  orbital  analysis.  The 
available  spectroscopic  techniques  have  been  extended  for 
very  high  efficiency  in  this  low  energy  x-ray  region  in 
order  to  minimize  radiation-induced  changes  in  the  samples. 

The  lead  stearate  and  lead  myristate  multilayer  analyzers 
have  been  employed  which  set  the  energy  resolution  at  about 
1  eV.  The  resolution  of  these  multilayer  analyzers  has 
been  brought  into  the  sub-electron  volt  region  by  a  simple 
and  accurate  deconvolution  method  for  which  the  collimation- 
crystal  broadening  function  has  been  precisely  defined.  A 
critical  review  of  the  underlying  assumptions  of  the  CNDO/2 
and  MINDO/3  approximate  molecular  orbital  methods  is 
presented  and  their  predictions  have  been  compared  with  the 
experimental  radiative  yield  values  and  orbital  binding  ener¬ 
gies.  C-K  and  0-K  spectra  from  CO  and  CO2  in  the  gas  and  solid 
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The  Secondary  Electron  Emission  Photocathode 
Characteristics  for  Time  Resolved  X-Ray  Spectroscopy 
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Recently  the  secondary  electron  energy  distributions  and  the  rdalitfc  secondary 
elactron  yields  for  the  0.1  to  10  keV  photon  esciiation  region  have  been  measured  for 
gold,  aluminum  and  for  sisieen  representative  semiconductors  and  insulators  (alkali 
halides),  and  a  simple  phenomenological  model  for  X-ray  photoemiasioa  has  been 
developed.  This  work  is  discussed  here  as  it  might  be  applied  to  the  applkalion  of 
streak  cameras  for  lime  resolved  X-ray  spectroscopy. 


§1.  Introduction 

Time  resolved  X-ray  spectroscopy  has  re¬ 
cently  become  of  considerable  value  in  studies 
of  high  temperature  plasmas  in  the  one  second 
range  (magnetically  confined  fusion)  to  the 
picosecond  range  (laser  produced  fusion). 
Mode-locked  laser  systems  are  available  that 
can  generate  high  intensity  pulses  of  X-radia¬ 
tion  from  matter  in  the  picosecond  region. 
Ultra-fast  spectroscopy  is  needed  for  the 
characterization  of  such  X-ray  sources  and  of 
the  effects  of  their  radiation  bursts  upon 
roatenals.  Pico  second  X-ray  spectroscopy 
may  be  a  valuable  tool  for  the  measurement 
of  the  lifetimes  of  metastable  atomic  and 
molecular  states  and  of  certain  photochemical 
processes,'"^’ 

A  proven  method  for  accomplishing  time 
resolved  X-ray  spectroscopy  is  that  with  the 
X-ray  streak  tube.*'*'  An  X-ray  beam  is  dis¬ 
persed  according  to  its  photon  energy  along  a 
slit-defined  photocathode  using  a  non-focusing 
crystal  or  a  diffraction  grating  (or  by  a  scries 
of  absorption  filter  and/or  total-reflection 
monochromator  channels).  The  secondary  elec¬ 
trons  from  this  slit  source  are  used  to  form  a 
line  image  at  an  image  intcnsifier  (needed 
particularly  for  ultra-fast  spectroscopy).  This 
line  image  is  "streaked”  to  estt’.blish  a  time  base 
using  a  pair  of  deflecting  plates.  The  optical 
output  of  the  image  intensificr  is  recorded 
photographically.  A  schematic  of  such  an 
X-ray  streak  tube  is  shown  in  Fig.  I.  As 
indicated  here,  two  types  of  imaging  can  be 
used,  either  an  electron  lens  system'-*'  or  a 
simple,  proximity-focusing  microchannel  plate 
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Pig;  I .  Schematic  of  an  X-ray  streak  tube  as  applied 
for  lime  resolved  X-ray  spectroscopy.  The  temporal 
resolution  limit,  r.  is  the  dilTerence  in  arrival  time 
at  the  image  inlensifier  for  axially  emitted  electrons 
from  the  photocaihode  of  initial  velocities  equal 
to  zero  and  to  v^.  The  corresponding  energy  spread. 
&,  of  the  secondary  electron  emission  is  l/l-mvj. 


system.*'®'  . 

The  intcnsity-and-photon-cnergy  response 
and  the  temporal  resolution  of  the  streak 
camera  are  ultimately  determined  by  the 
characteristics  of  the  photocathode.  In  the 
sections  that  follow,  we  have  attempted  to 
review  (1)  the  basic  relationship  between  the 
phoioemission  and  the  electron-optical  charac¬ 
teristics  of  the  X-ray  streak  tube,  and  (2)  the 
experimental  and  theoretical  determination 
of  the  relevant  photoemission  properties  of 
metal  and  dielectric  X-ray  photocathodes  as 
have  been  recently  investigated  in  this  lab¬ 
oratory."'"' 
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C-K  and  Cl-L  Emission  Spectra  and  Molecular 
Orbital  Analysis  of  CCI, 
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The  C-K  and  Cl-L,.,.  iow  ensrgy  X-ray  spectra  from  solid  CO^  have  been  obtained 
using  monoenergetie  X-ray  excitation  and  a  lead  myrislate  multilayer  analyzing  crystal. 
The  Q-L  spectra  was  also  measured  in  the  vapor  phase  and  compared  with  that 
measured  in  the  solid  phase.  The  deconvolved  C-K  and  0-L,jg  spectra  are  compared 
with  the  available  O-KB  and  UPS  tpectr.a  and  with  the  results  of  CNDO/2,  MINDO/3 


and  extended  Huckel  MO  calculations. 
§1.  Introduction 

The  X-ray  emission  spectra  from  gaseous 
chlorinated  methane  derivatives  have  been 
previously  reported  by  many  authors.  LaViila 
and  Deslattes'*  studied  the  chlorine-K/J  emis¬ 
sion  spectra  and  Ehlert  and  Mattson^*  reported 
the  carbon-K  and  chlorine-L  spectra  from  four 
chlorinated  derivatives  of  methane.  The  pho- 
toelectron  spectra  of  chloromethanes  were 
measured  by  Potts  el  al.^'  using  21  eV  and  40 
eV  excitations  and  by  Turner  et  a!.*^  using 
21  eV  excitation.  The  experimental  photoclcc- 
tron  spectra  are  in  good  agreement.  Hopfgarten 
and  Manne’’  provided  a  molecular  orbital 
interpretation  of  available  photoelectron  and 
X-ray  emission  spectra  of  chloromethanes 
on  the  basis  of  the  extended  Huckel  molecular 
orbital  calculations. 

In  this  laboratory,*’’’  the  C-K  and  Cl-L 
emission  spectra  of  CCI*  and  CHClj  and  the 
C-K  emission  spectra  of  CH*  were  measured 
m  the  solid  phase.  The  C-K  emission  spectra 
of  methane  and  the  Cl-L  emission  spectra  of 
chloromethanes  were  also  measured  in  the  gas 
phase.  Molecular  orbital  analysis  of  these 
chloromcth.ines  were  based  upon  Ihe  CNDO/2 
and  MINDO/3  SCF-MO  calculations  and 
upon  results  of  available  extended  Htickcl  MO 
calculations.”  As  an  example,  the  spectra  and 
molecular  orbital  analysis  of  CCI.  will  be 
presented  here. 
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§2.  Experimental 

Basic  details  of  the  experimental  approach 
have  been  given  elsewhere.’’**  For  high 
efficiency,  an  oxidized  copper  excitation  source 
was  used  to  create  the  C-ls  hole  and  a  carbon 
excitation  source  was  used  to  create  the  C[-2p 
hole.  The  X-ray  tube  was  operated  at  8  kV  and 
1 50  m A,  A  lead  myristate  multilayer*’  was  used 
as  the  analyzer.  A  “pressure  tuned’*”  con¬ 
stant  flow  proportional  counter  filled  with 
propone  at  subatmospheric  pressure  was  used 
as  the  detector. 

In  measuring  the  chlorine-L||,,||  spectra  in 
the  vapor  phase,  the  sample  pressure  in  the 
gas  cell  was  maintained  at  one  Torr  for  maxi¬ 
mum  intensity,””  The  chlorine-L„,,„  spectra 
of  CCl*  in  the  solid  and  vapor  phases  were 
measured  under  the  same  excitation  and  are 
presented  in  Fig.  I.  As  seen  from  Fig.  I,  there 
are  no  substantial  differences  between  the  gas 
phase  and  solid  phase  spectra.  Since  the 
fluorescent  intensity  from  the  solid  phase  was 
about  ten  times  higher  than  in  the  gas  phase, 
the  spectra  from  the  solid  samples  were  used  in 
the  detailed  analysis  presented  here. 

Reagent  grade  CCl.  was  obtained  com- 
mcrically  with  better  than  99%  purity.  All  of 
the  spectra  presented  in  this  work  are  the  sum 
of  at  least  three  repealed  runs  and  the  individual 
runs  reproduced  within  statistical  deviations. 
Over  10*  counts  were  collected  at  the  peak  in 
,’<11  spectra  and  the  spectrometer  was  calibrated 
using  Rh,  Mo  and  Nb  M{^  lines,’’*’  In  all  of 
the  spectra,  the  peak  intensities  were  normalized 
and  background  was  not  subtracted  from  the 
data  because  it  was  negligibly  small. 

A  step-scanned  spectrum  thus  obtained  was 
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A  low-energy  spectrometer  for  the  X-ray  analysis  of  plutonium  and  plutonium-containing  materials  has 
been  built.  We  use  an  ultra-thin  window  to  maintain  different  pressures  and  contamination  levels  in  the 
spectrometer’s  sample  and  crystal  chambers.  Ultrs-lbin  windows  are  also  used  on  the  X-ray  tube  and 
detector.  Methods  have  been  developed  by  which  the  spectrometer  can  analyze  both  metal  and  loose- 
powder  samples.  Representative  calibration  spectra  are  presented  for  the  fluorine  band  in  polyfluoro- 
ethylene,  the  oxygen  band  in  a-AljO},  and  the  carbon  band  in  graphite.  Experimental  spectra  are  presented 
for  the  fluorine  band  in  PuFj  and  PUF4  and  for  the  oxygen  band  in  PuO]. 


^INTRODUCTION 


The  surface  chemistry  of  metals  is  important  to  the  under¬ 
standing  of  their  behavioc  and  to  their  application.  This  is 
just  as  true  for  radioactive  metals  as  for  others.  One  way  to 
study  the  surface  chemistry  of  metals  is  by  low-energy 
X-ray  spectrometry.  This  technique*'^  uses  the  low-energy 
X-ray  region  (defined  here  as  below  2  keV)  to  analyze  for 
Ught  elements  (Mg  through  Be).  Often  the  technique  can 
also  produce  valence-band  or  orbital-energy  information 
that  helps  us  learn  more  about  the  energy  and  symmetry  of 
the  outer  electronic  stater  in  atomic  systems. 

The  information  produced  complements  that  obtained 
in  either  photoelectron  or  Auger  electron  spectrometry. 
However,  experimentally  the  low-energy  X-ray  technique 
has  the  advantage  of  not  requiring  the  very-high-vacuum 
environments  of  the  electron-spectrometry  techniques. 

This  lower  vacuum  requirement  is  very  important  in  out 
plutonium  studies.  Our  system  has  to  be  connected  to  a 
glove  box  because  of  plutonium’s  toxicity,^  and  very-high- 
vacuum  systems  attached  to  glove  boxes  have  proven  diffi¬ 
cult  to  build  and  keep  clean. 

A  prior  low-energy  X-ray  study  of  plutonium  used  an 
electron  mictoproSe.''  The  aim  of  that  work  was  to  docu¬ 
ment  the  low-cnergy  X-ray  spectrum  of  plutonium  rather 
than  to  study  its  surface  chemistry. 


Figure  1*  Schematic  of  the  tow  energy  X-ray  spectrometer  (^tgried 
for  plutonium-materials  studies.  Of  particular  importance  are  the 
ultra-thin  wmdo*^  W, ,  W,  and  W,,  which  permit  operation  with 
very  different  pressures  in  the  X-vay  tube,  sample  chamber,  crystal 
chamber  and  the  X-ray  detector.  The  window  compositions  are: 

W,,  0.42 gm**  carbon;  W,  and  Wj,  0.72 gm**  Formvar. 

had  to  substantially  alter  our  Philips  system  to  accom¬ 
modate  alpha-emitting  materials  and  to  produce  a  clean 
enviionment  in  the  sample  chamber.  Figure  1  is  a  schematic 
of  our  system. 


APPAR/iTUS 


Our  system  is  similar  to  that  first  reported  by  Henke*  and 
marketed  by  Pliilips  Electronic  Instruments.  J  Mov/ever,  we 
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any  Icp.il  liability  or  responsibility  for  llic  3ccur.icy,  completeness 
or  uscftilrtcss  of  any  infoimaiion,  apparatus,  product  or  process 
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Vacuum  systems 

The  X-ray  tube,  the  sample  chamber,  the  crystal  chamber, 
and  the  flow  proportional  detector  are  each  kept  at  a 
different  pressure  during  analytical  runs.  Tliese  different 
pressures  arc  maintained  by  the  use  of  ultra-tliin  isolation 
windows.  The  X-ray  tube  has  a  0.42  g  m‘*  (area  density) 
pure  carbon  window  (W,)  that  has  hccit  coated  with  a 
dilute  F-ormvar  (polyvinyl  formal)  solution  to  fill  piiiltolcs. 

1  lie  window  between  the  two  chambers  and  the  detector 
window  arc  both  0.72  g  m"’  Formvar  film  and  were  pro¬ 
duced  at  this  laboratory.* 

t  Kcfcfcncc  to  a  couipjiiv  or  piixliicl  n.onc  tfut's  not  imply  approval 
Of  ro’omincnvljlion  of  tlic  proLluct  by  the  UnivcrMty  of  C  alilornu 
or  the  Department  \.*r  I  ?K*i»*y  to  the  cxi  lu^ion  of  utUeri  that 
may  be  smt.tbic 
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Soft-X'ray*induced  secondary-electron  emission  from  semiconductors 
and  insulators:  Models  and  measurements 

Burton  L.  Henke.  John  Liesegang.*  and  Sleven  D.  Smith 
Uiiiittniiy  <4  Hawaii.  Dtparlmtm  of  fhyiics  and  Atinnomy.  Honolulu.  Hawaii  96922 
(Recokcd  27  July  1978) 

Secondary-electron  energy  dhlribuiion  curvei  (EOCs)  and  the  total  iccondary-eicctron  yiclda  relative  to 
such  for  gold  have  been  measured  (or  seven  semiconductors  for  which  ekctron-clectron  scattering  losses 
within  the  emitter  were  coruidered  dominant  and  lor  nine  insulators  (alkali  halides)  for  which  electron- 
phonon  scattering  losses  were  espected  to  be  dominant  in  the  transport  process.  The  secondary-electron 
spectra  were  cscited  by  Al-Aa  (1487  eV)  photons  and  were  measured  Trom  evaporated  dielectric  films  (of 
about  0.3  thickness)  on  conducting  substrates  with  an  electrostatic  hemispherical  analyzer  of  about  0.03- 
eV  resolution.  Some  of  the  dielectric  photoemitters  have  appreciably  narrower  energy  dhinbuiions  and 
higher  yields  than  has  gold:  Cul  and  Cs)  have  EOC  widths  at  half-maaimum  of  about  one-third  of  that  for 
gold,  and  yield  values  of  II  and  30  times  greater.  The  FWHM  and  secondary-electron  yield  for  gold  were 
measured  to  be  about  4  eV  and  0.30  electrons  per  normally  incident  photon,  respectively.  The  shapes  of  the 
EDO's  were  found  to  be  essentially  unchanged  for  photon  eactlaiion  in  the  0.1— lO-kcV  region.  Strong 
structural  features  appear  only  in  the  alkali  halide  EDCs.  and  it  »  proposed  that  these  are  mainly  the  result 
of  single-electron  promotion  of  secondaries  from  the  valence  band  by  plasmon  deeachaiton.  A  relatively 
simple  model  for  s-ray  phoioemission  has  been  developed  which  assumes  chat  direct  eacitaiion  of  secondanes 
by  phoioclectron  and  Auger-electron  “primaries"  is  the  dominant  escitslion  mechanism,  arul  accounts  for 
both  electron-electron  and  electron-phonon  scattering  in  the  transport  process.  Free-electron  conduction-band 
descriptions  are  assumed.  The  theoretical  and  esperimenial  curves  are  in  satisfactory  agreement. 


I.  INTRODUCTION 

There  has  been  a  considerable  amount  of  effort 
on  the  theory  and  application  of  secondary-electron 
emissions  using  electron  excitation  in  the  kilovolt 
region  (as  applied,  for  example,  in  scanning  mi¬ 
croscopy)  and  using  extreme  ultraviolet  excitation 
(as  applied  in  band-structure  analysis).  There  has 
been  relatively  little  theoretical  or  experimental 
work  reported  on  the  generation  of  the  secondary 
electrons  using  x-ray  excitation  (which  is  of  con¬ 
siderable  current  interest  as  applied  to  the  mea¬ 
surement  of  the  intensity  and  the  temporal  history 
into  the  picosecond  region  of  pulsed  x-ray  sources 
with  the  diode  detector,  the  streak,  and  the  fram¬ 
ing  cameras  in  high-temperature  plasma  diagnos¬ 
tics). 

With  electron  and  extreme  ultraviolet  generation 
of  the  secondary -electron  distribution,  the  effec¬ 
tive  escape  deptlis  of  the  electrons  can  be  very  de¬ 
pendent  upon  the  attenuation  mechanism  of  the  e.x- 
citlng  radiation.  With  x-ray  excitation  of  the  pho¬ 
toelectron  and  subsequent  emission  of  the  associated 
Auger-electron  "primaries”  which  in  turn  generate 
the  internal  secondary-electron  distribution,  the 
electron  escape  depths  are  usually  independent  oi 
the  x-ray  attenuation  process.  This  is  because 
the  x-ray  penetration  is  very  large  as  compared 
to  the  edective  electron  escape  length.  Thus  with 
x-ray  excitation,  often  a  more  direct  and  precise 
interpretation  o(  the  secondary-electron  energy 
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distribution  can  be  made  in  terms  of  models  tor 
the  excitation,  transport,  and  escape  processes. 

In  an  earlier  work,'  the  electron  energy  depen¬ 
dence  of  the  secondary -electron  energy  distribution 
from  metals  as  excited  by  x-rays  in  the  O.l-lO- 
keV  region  was  measured  and  found  to  be  consistent 
and  predictable  by  applying  currently  available 
theoretical  descriptions  for  the  excitation,  mean 
free  paths,  and  escape  for  secondaries  in  metals. 

In  this  present  work,  we  have  measured  the  energy 
dependence  and  relative  yields  of  the  secondary 
electrons  as  excited  by  soft  x  rays  (principally  at 
H87-eV  photon  energy)  for  a  representative  series 
of  semiconductors  and  insulators.  For  these  sys¬ 
tems,  the  secondary-electron  generation  processes 
are  more  complex,  particularly  for  the  insulators 
for  which  multiple  scattering  has  an  appreciable 
role  in  the  transport  process.  In  order  to  test 
available  theoretical  expressions  for  the  secondary- 
electron  excitation  and  for  the  mean  tree  paths  for 
pair  production  and  for  electron-phonon  interactions 
for  the  energy  region  below  10  eV,  we  have  used 
the  relatively  simple  rate  equation  developed  by 
Kane'  tor  a  description  of  the  multiple  scattering 
transport  process.  We  believe  this  approach  will 
be  helpful  at  this  time  in  guiding  the  application  of 
more  exact  transport  theories,  analytical  and 
numerical,  in  later  studies. 

In  Sec.  U,  we  present  the  ■’semictassical,” 
simple  case  for  x-ray  excited  secondary-  electron 
generation  for  the  " no-loss"  transport  (no  muUi- 
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Low  energy  x-ray  emission  spectra  and  molecular  orbital 
analysis  of  CH4,  CCI4,  and  CHCI3 

Rupert  C.  C.  Perera**  and  Burton  L.  Henke 

C/nivrfTilj)  of  Hawaii.  Deparimeni  of  Physics  and  Asinnomy.  Honolulu.  Hawaii  96822 
(Reeved  II  January  1979) 

The  C-K  and  0-L,tii|  low-energy  a-ray  spectra  from  solid  CO..  CHO,,  and  the  C-K  x-ray  spectrum 
from  solid  CH4  have  been  obtained  using  monoenergetic  x-ray  exciution  and  a  lead  myristau  multilayer 
analyzing  co'stal.  The  C-K  spectrum  of  methane  and  Cl-L,|^,„  spectra  of  the  chloromethanes  were  also 
measured  in  the  gas/vapor  phase  and  compared  with  those  measured  in  the  solid  phase.  The  deconvolved 
spectral  components  are  aligned  on  a  common  energy  scale  with  the  complemenury  x-ray  emission  and 
photoelectron  spectra  by  identifying  the  same  molecular  orbital  in  all  spectra.  Such  an  alignment 
procedure  yields  a  C-li  ionization  energy  of  gaseous  CH4,  and  solid  CO4  and  CHQj  as  290.0  293J  and 
291.1  eV,  respectively;  and  the  Cl-2p,,]  ionization  energy  of  solid  CCI4  and  CHCIj  aa  206.3  and  204.8 
eV.  Results  of  thC  CN  DO/2  and  MINOO/1  MO  calculations  have  been  presented  and  compared  with  the 
available  results  of  the  extended  Hiickel  MO  method  and  with  the  deconvolved  spectral  components. 

From  the  geometry  program  in  the  MINOO/3  MO  calculation,  the  C-H  bond  length  in  CH4  is  1.102  A, 
the  C-CI  bond  length  in  CCI4  is  1.731  A,  and  the  C-H  and  C-Cl  bond  lengths  in  CHQj  are  1.100 
and  1.744  A,  respectively.  Comparison  with  the  vapor/gai  phase  spectra  shotvs  essentially  the  same 
energies  for  spectral  components  in  the  C-K  and  Cl-L  spectra  from  CH4  and  CCI4,  whereas  the  spectral 


components  in  the  Cl-L  spectra  of  CHOj  have  energies  in  the 
than  those  for  the  solid  phase. 


I.  INTRODUCTION 

The  x-r3.7  emission  spectra  from  gaseous  methane 
and  chlorinated  methane  derivatives  have  been  previous¬ 
ly  reported  by  many  authors.  La  Villa  and  De.slattes‘ 
studied  the  C1-K0  emission  spectra  and  Ehtert  and  Matt¬ 
son*  reported  the  C-K  and  Cl-L  spectra  from  four  chlo¬ 
rinated  derivatives  of  methane.  G’iiberg*  also  studied 
the  Kor  and  K0  spectra  of  chlorine  in  CHyCi  and  com¬ 
pared  them  with  the  HCl  and  Cly  chlorine  spectra.  The 
ultraviolet-excited  photoelectron  (UPS)  of  chloromethanes 
were  measured  by  Potts  ef  al.*  and  by  Turner  et  al.'  us¬ 
ing  21  eV  photon  excitation.  The  21  cV  excited  spectrum 
of  C1I]C1  has  been  studied  by  Ragle  et  al.*  The  x-ray 
excited  photoelectron  spectrum  (XPS)  of  methane  was 
measured  by  Hamrin  et  al  The  experimental  photo¬ 
electron  spectra  are  in  good  agreement.  Hopfgarten 
and  Manne*  provided  a  molecular  orbital  (MO)  interpre¬ 
tation  of  avaiiable  photoelectron  and  x-ray  emission 
spectra  of  methane  and  t.he  chloromethanes  on  the  basis 
of  the  extended  Hiickel  molecular  orbital  calculations 
and  confirmed  the  symmetry  assignments  of  CHjCl  and 
CCI4.  However,  revisions  of  previous  assignments  were 
suggested  by  them  for  CHjClj  and  CHClj. 

In  this  present  work,  the  C-K  emission  spectra  of 
CH4  were  measured  for  the  solid  and  g.is  phases,  the 
C-K  and  Cl-L  emission  spectra  of  CCI4  and  CHClj  were 
studied  in  the  solid  phase,  and  the  Cl-L  spectra  in  the 
solid  phase  were  compared  with  the  vapor  phase  spec¬ 
tra.  Molecular  orbital  analysis  of  those  chloromethanes 
were  based  upon  the  CNTJO/2  (Complete  Neglect  of  Dif¬ 
ferential  Overlap)  and  MINIX)/3  (Modified  Intermediate 
Neglect  of  Differential  Overlap)  SCF-MO  calculations 

‘'Present  address:  Department  of  I’hysics,  I'litverstty  of  Sri 

Lanka,  Peradeniya  Campu.s,  Peradenlya.  Sri  L.inka  This 
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gas  phase  that  are  signiricanlly  higher 


and  upon  results  of  available  extended  Hiickel  MO  cal¬ 
culations. 

II.  EXPERIMENTAL 

Basic  details  of  the  experimental  approach  have  been 
given  elsewhere.*’**  For  high  excitation  efficiency ,  an 
oxidized  copper  excitation  source  was  used  to  create  the 
C-ls  hole  and  a  carbon  excitation  source  was  used  to 
create  the  C1-2P  hole.  The  x-ray  tube  was  operated  at 
8  kV  and  150  mA.  A  lead  myristate  multilayer*  was 
used  as  the  analyzer.  A  "pressure  tuned”**  constant 
flow  proportional  counter  filled  with  propane  at  sub- 
atmospheric  pressure  was  used  as  the  detector. 

Gaseous  methane,  and  CCI4  and  CHCl,  were  obtained 
commercially  with  purities  over  99%.  For  the  gas/vapor 
phase,  the  sample  pressure  in  the  gas  cell  was  adjusted 
for  maximum  fluorescent  intensity.**  Solid  methane  and 
chloromethanes  were  obtained  using  a  closed  cycle  re¬ 
frigeration  system  capable  of  reducing  the  sample  tem¬ 
perature  to  as  low  as  10  *K.  The  temperature  at  the 
cold  head  was  maintained  not  lower  than  necessary  to 
freeze  the  samples*’  and  a  small  constant  deposition  rate 
was  maintained  to  avoid  any  possible  surface  contamina¬ 
tion.  All  of  the  spectra  presented  in  this  work  are  the 
sum  of  at  least  three  repc.ated  runs  with  the  individual 
runs  reproducible  to  within  statistical  deviations.  Over 
10*  counts  were  collected  at  the  peak  intensity  in  all  spec¬ 
tra.  The  spectrometer  was  calibr-ated'*  using  Rh,  Mo, 

.aixi  Nb  Mf  lines  which  include  the  C-K  and  Cl-L  wave¬ 
length  region.s.  In  all  of  the  spectra,  the  pe.ik  intensi¬ 
ties  were  normalized  and  background  was  not  subtracted 
from  the  data  because  it  was  negligibly  small.  Correc¬ 
tions  were  made  for  window  transmission,  crystal  and 
counter  efficiencies  after  the  data  was  deconvolved. 

A  step-scanned  spectrum  thus  obtained  was  decon¬ 
volved  into  Voigt  spectral  components  using  a  computer 
analysis  program  developed  for  low  energy  x-ray  spec- 
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Multilayer  X-Ray  Spectronietry  in  the 

20 — 80  Region:  A  Molecular  Orbital  A^nalysis 

of  CO  and  CO2  in  the  Gas  and  Solid  States 

R.C.C.  Pereraf  and  D.L.  licnke 

Univeriity  of  Hawaii,  Honolulu,  Hawaii  96822,  USA 


Optimized  multilayer  X-ray  spectrometry,  using  lead  myristate  and  lead  stearate  analyzers  (2d  values  of 
SO  and  1 00  A)  has  been  applied  to  the  measurement  of  the  O  — Ka  and  the  C—  Koc  spectral  bands  from  CO 
and  CO2  in  the  gas  and  solid  phases.  The  Lj|  m  spectra  were  also  measured  for  argon  in  the  gas  and  solid 
states  Under  similar  corKlltions  in  order  to  identify  and  to  minimize  any  non-moiccular  components  in  the 
CO  and  COj  spectra.  These  molecular  orbital  data  have  been  related  to  those  obtained  with  X-ray  and 
ultraviolet^photoelectron  spectroscopy  and  grating  X-ray  spectroscopy.  The  consistency  of  the  results  of 
these  complementary  measurements  is  excellent.  The  ionizatioii  energies  for  the  C  and  O  Is  levels  have  been 
determined  to  be  295.4  and  542.0  eV  for  CO  and  296.3  and  540.3  eV  for  COj.  The  MO  data  have  also  been 
compared  with  that  predicted  from  the  symmetry,  strength  and  binding  energy  of  the  molecular  orbital 
spectral  components  as  calculated  using  the  currently  available  computational  models,  CNDO/2,  MINOO/3, 
MNDO,  extended  Huckcl  and  ab  initio.  The  molecular  orbital  calculated  results  for  these  organic  com¬ 
pounds,  CO  and  CO],  are  not  in  as  good  agreement  with  the  cxperiniental  data  as  previously  demonstrated 
for  molecular  orbital  spectra  measured  for  C— Ka  and  the  Lnjn  bands  of  Cl,  S  .and  P  for  both  organic  and 
inorganic  compounds. 


INTKODUCl  ION  ^  generate  the  ‘cleanest*  spectra  possible  that 

- —  are  chatactcristic  of  llie  simple,  single-electron  transitions 

A  molecular  group  of  atoms  is  chemically  characterized  by  (and  therefore  which  can  be  directly  and  quantitatively 
the  symmetries,  strengths  and  binding  energies  of  tire  related  to  die  c.ilculated  molecular  orbital  symmetries, 

molecular  orbitals  that  are  generated  from  llto  valence  populations  and  binding  energies),  it  is  necessary  to  mini- 

electrons  of  the  atoms  involved.  In  recent  years,  with  the  mizc  and  to  identify  extraneous  spectral  features.  For 

increased  availability  of  Large  computers,  more  accurate  example,  effects  resulting  from  multiple  ionization,  high- 

progrnnis  have  been  developed  for  calculating  tJiese  inoiccu-  order  diffraction  and  radiation  damage  must  be  mininsized. 

lar  orbital  characteristics.'  Because  tlic  more  efficient  of  Tliis  can  be  accomplished  by  using  photon  excitation  so 

these  programs  are  semi-cmpirical  at  this  time,  it  is  of  as  to  selectively  excite  the  desired  initial  core  level  vacancy, 

considerable  value  to  have  precise  experimental  molecular  But  even  with  such  selective  deposition  of  the  excitation 

orbital  data  on  a  selected  scries  of  molecular  systems  as  energy,  the  total  spectral  energy  that  is  allowed  for 

can  be  obtained  with  photoeluctron  and  X-ray  spectroscopy,  mcasurcnient  is  often  seriously  U.-nited  by  the  requirement 
The  molecular  orbital  binding  energies  can  usually  be  that  tlic  excitation  dosage  sliould  not  cause  significant 

measured  •.vitliin  1  cV  or  better  by  ultraviolet  ftJPS)  or  radiation-induced  changes  in  the  sample.  In  order  to  meet 

X-ray  (XT’S)  pbotoclcctron  spectroscopy,  Tl.c  X-ray  spec-  die  requirement  for  ‘fast’  X-ray  spectroscopy,  an  optimized, 

troinctry  of  lire  nuorcseent  radiation  resulting  from  sini^Ic  higli-efncicncy  spectroscopy  has  been  developcd^'^  wliich 

elcctro.T  transitions  from  the  molecular  orbitals  into  single  utilizes  multilayer  analyzers  such  as  the  lead  myristate,  lead 

ionization  vacancies  in  the  nearby,  relatively  sliarp  core  stearate  and  lead  lignocerate  systems  witli  2z/-spacings  of 

levels  can  provide  data  on  the  sy.minetries  and  the  relative  about  80,  100  and  130  A,  respectively.  Dccausc  lire  trans- 

strengths  of  tlie  itrolecular  orbital  components  as  well.  ntission  functions  of  lire  multilayer  spectrograph  can  be 

For  example,  tire  Kq  bands  of  tire  first-row  clcmeirts  reflect  accurately  measured,  lire  attainable  cncrg>'  resolution  can 
the  p-char.acicr  of  the  orbitals  tli.at  arc  most  stroirgly  be  in  tire  sub-clcclron-volt  region  througli  simple  spectral 

associated  witli  the  pnilicitlar  atonr  with  the  Initial  Is  devolution  procedures. 

vacancy.  For  the  second-row  elements,  in  a  similar  way,  the  Multilayer  mc.asurcincnts  of  Uic  I.|,.||,  spcctr.al  bands  for 

KP  b.ands  and  the  L,,  bands  mc.isute  the  p-charaefer  and  tire  second  row  elenicnis.  Cl.  S  and  1*.  h.T.c  beeit  reported 

the  $-  and  d-character,  respectively ,  of  tire  associated  fiom  Uris  ljboratory^'‘  as  applied  to  lire  motrcular  otbilid 

molecular  orbitals.  Ilic'.c  i.p  and  l-n.m  radiatimrs  arc  .analyses  of  a  selected  series  of  c'lloiine,  sulfur  aitt!  plios- 

mostly  in  lire  20— 100  A  w.r.eicngllt  repjon.  X-ray  spcciro-  plioms  coiiipouuds.  The  s.amples  were  pulyciystallinc  and 

metry  in  this  long  wavelength  region  requires  either  gra/ing  it  was  established  that  die  molecular  orbital  spectra  for  tire 

incidence  diffraction  gratings  or  large  r/  spacirig  iri(il{il.!ycf  central  atoms  of  tlic  anions  were  not  affected  siiviificantly 

analyzers.  by  crystal  field  effects  (dilToient  cations).  Mote  recently, 

f  Present  address;  Department  of  I'tiysics,  Itniversrry  of  Sri  Lanka, .  C  — Ka  and  Cl  —  I-tj  ju  Spectral  liar  id  rneasurcnicnts  by 

Petadeniyj  Canipus.  Pet.idcniya, Sri  Lanka.  multilayer  X-ray  Spectrometry  Iiave  been  applied  to  the 
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X-RAY  SPECTROSCOPY  IN  THE  100-1000  eV  REGION 
Burion  L.  HENKE 

University  of  ftawaii.  Department  of  Physics  and  Astronomy,  2505  Correa  Road,  Waranabe  }hIJ,  ffonoiuht,  Hawaii  96822,  USA 


Some  current  methods  for  achieving  low  energy  X-ray  spectroscopy  in  the  10—100  A  region  are  reviewed.  Gratings,  crystals 
and  multilayers  can  be  used  as  monochromators  or  dispersive  analyzers.  Some  of  the  important  characteristics  ate  noted  here 
«  which  can  help  to  determine  their  applicability  to  a  given  spectroscopic  analysis  situation.  The  “trade-ofT'  between  resolution  and 

spectrographic  speed  (gratings  versus  multilayers)  may  be  an  important  consideration  when  the  number  of  photons  available  for 
measurement  is  limited,  as,  for  example,  by  the  excitation  dosage  allowed  for  a  given  sample.  Tot  pulsed  X-ray  sources  and  for 
time-resolved  spectroscopy,  special  fixed-crystal  spectrographs  have  been  developed.  These  may  be  applied  with  X-ray  diodes  and 
fast  oscilloscopes  or  with  X-ray  streak  cameras  for  detection.  The  optimum  design  and  characterization  of  the  photocathode 
systems  for  such  detection  have  been  studied  in  detail  and  sirmo  of  the  results  of  this  work  are  briefly  reviewed. 


I .  Introduction 

TIic  new  synchrotron  radiation  and  User-produced 
plasma  sources  can  provide  pulsed,  bruad-band  radia- 
lion  in  the  UV  and  X-ray  region  of  such  high  inten¬ 
sity  as  to  present  a  new  dimension  for  spectroscopis; 
analysis.  This  may  be  of  particular  importance  for 
low  eneigy  X-ray  spectroscopy  in  the  lO-lOOA 
region  for  which  high  intensity,  selective  e.xcitation 
has  generally  not  been  available. 

X-ray  absorption  and  emission  spectroscopy  in  this 
low  energy  region  is  of  considerable  interest  for  the 
measurement  of  the  spectra  that  originate  from  tran¬ 
sitions  between  the  outermost  electronic  levels  and 
the  relatively  sharp,  first  core  levels.  Such  valence 
band  spectroscopy  can  sensitively  reflect  the  chemi- 
c.il,  optical  and  electronic  properties  of  matter. 

The  importance  of  having  continuous  selectivity  of 
the  excitation  for  absorption  spectrometry  is  well 
known,  particularly  for  extended  absorption  fine 
structure  rneasuremcnls.  Selective,  narrow-band 
e.xcilation  can  also  present  a  critical  advantage  in 
emissio.n  spectrometry  by  providing  “clean"  mcan- 
ingftii  spectra  with  a  minimum  of  background  radia¬ 
tion.  and  by  minimizing  possible  effects  of  radiation- 
induced  changes  in  lire  sample. 

An  illuslralion  of  the  critical  role  of  radiation 
damage  in  molecular  orbital  spectroscopy  is  ptesonted 
in  fig.  I.  The  chlorinc  Lll.Ill  spectra  in  the  150- 
250  cV  region  were  measured  in  order  Is)  determine 
the  rcl.Hivc  molecular  orhital  slrcngihs  of  s  ansi  si 
symmetries  fsu  various  oxid.ilism  slates  in  chlorine 

lb  I 
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tig.  1.  Raslmlion-induccsl  dccomposilion  of  polycryslalline 
NaClOj.  The  excilaliim  intensity  was  similar  to  that 
entploycil  for  the  Cl-L]) m  spectroscopy  (1.75  X  10*  ’  C-Ko 
(277  eV)  photons/s  cm*  at  the  sample  surface).  The  quick 
ss.ins  reveal  spectral  changes  corresponding  to  the  appearance 
of  redos  lion  products  such  as  NaCIOs  and  NaClOa.  After 
three  Innits.  the  speetta  correspond  to  that  foi  NaCi 
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Evaluation  of  high  efficiency  Csl  and  Cul  photocathodes  for 
soft  x-ray  diagnostics 

E.  B.  Saloman,  J.  S  Pearlman,  and  B.  L.  Henke 


The  pholocffidcncy  <»f  C»l  ami  Cul  ph<»(tM.»lhn(ics  was  measured  for  phoUms  in  ihe  22-240-eV  (SO-SGO-A) 
enertsy  raniie.  'I’he  wilhtn-haich  ami  hatch-tu-lmlcK  varialitm  in  photuerficiency  were  studied  as  was  the 
scnHitivily  <tf  tlicsAmpIcH  tc»xl«»rai;r  umfer  dry  niiri»i'rn.  The  effect  oT exposure  to  air  was  investigated.  The 


shafie  of  the  photr»efftctency  curves  was  1 
lion  cross  sections  of  the  materials.  (*sl 
especially  ns  a  narrowhnnd  deteettu  in  I 
can  exceed  .100%. 


There  has  heen  increased  interest  recently  in  time- 
resolved  measurcinenis  of  UV  and  soft  x-ray  emission 
for  the  study  of  picosecond  pmcesscs  in  fusion  plasmas, 
biological  systems,  atomic  collisions,  and  photochemical 
reactions.  High  sensitivity  x-ray  photocathwlcs  for  use 
in  diodes  or  streak  cameras  could  enhance  the  capability 
of  exist  ing  diagnostic  equipment  used  in  these  research 
areas.  l’w<i  high-.sensilivity  photocathode  .surface.s,  C.sl 
and  Cul,'  were  evaluated  and  compared  with  an  evap¬ 
orated  aluminum  surface.  Their  efficiences  arc  suli- 
stantiully  higher  than  aluminum  (factors  of  near 
100-eV  photon  energy). 

Several  characteristics  are  important  for  a  photo- 
cathode  surface  to  he  useful  for  iiltrafust  temporal  di¬ 
agnostics.  These  include  good  efficiency,  reproduc¬ 
ibility  from  hatch  to  liatch  or  good  exposure  and  shelf- 
life  characteristics,  and  a  narrow  .secondary  electron 
emission  spectrum.  In  the  results  reported  here,  these 
characteristics  are  evaluated  for  Cul  and  Csl. 

The  electron  emission  of  a  photocathode  involves 
several  [irocesscs.  Absorption  of  incident  radiation 
leads  to  the  generation  of  prim.nry  electrons.  If  the 
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‘mind  to  Agree  quite  well  with  ihnt  expected  from  the  photoehsorp- 
in  pArticulHr  Appenrs  uxeful  ax  a  detector  in  soft  x-ray  diagnostics, 
he  100-cV  photon  energy  range  where  peak  measured  efficiencies 


material  thickness  is  larger  than  the  primary  electron 
range,  a  number  of  lower  energy  secondary  electrons  are 
created  by  each  primary.  In  addition,  the  atoms  excited 
by  the  incident  radiation  decay  through  fluorescence 
ami  Auger  priKcs-ses  creating  additional  electrons.  A 
certain  number  of  the  secondary  electrons  reach  the 
photocathode  surface  with  enough  energy  to  escape. 
'I'liese  electrons  are  mea.surahle  as  a  photoemission 
current. 

The  photoemission  is  p  wportional  to  the  incident 
photon  energy,  the  photon  absorption  characteristics, 
and  the  material’s  electron  properties.  From  a  simple 
phenomenological  model,  the  photoemission  is  pro¬ 
portional  to''^  ! itEp(E)f(F.),  where  !  is  the  incident  x-ray 
intensity  (pliotons/cm*  sec),  p  is  the  mass  density,  E  is 
the  photon  energy,  |i(/i)  is  the  mass  photoionization 
cross  section,  and  f{E)  is  the  fraction  of  total  energy 
deposited  that  is  effective  in  secondary  electron  emis¬ 
sion.  This  efficiency  factor  ((E)  is  strongly  material 
dependent.  In  metals,  the  predominant  secondary 
c'lcclroo  generation  mechanisni  is  electron-electron 
collisions,  while  for  semiconductors  and  insulators, 
where  the  number  of  free  conduction  electrons  is  lower, 
processes  other  than  electron  electron  collisions  can  be 
iioporlant.  For  e.xarnple,  in  seniiconductor.s  (Cul). 
bole  pair  formation  plays  an  important  role  in  creating 
low-energy  electrons,  while  in  insulators  (Csl),  elec- 
Iron  phonon  processes  (lattice  vibration)  can  be  sig- 
iiilicant.  'I’he  dominance  of  different  generation  pro¬ 
cesses  leads  to  widely  v.nryittg  values  of  secondary 
electroi)  |)roduclioii  efficieiu  y.  ns  will  be  seen. 

The  secondary  electron  generation  process  not  only 
alleels  the  emission  efficiency  but  also  the  photoelec- 
I roll  energy  distrlbiil ion.  I’resented  in  Fig.  1  arc  the 
)>bn|iie|eel ron  energy  distributions  fur  the  gold,  alu- 
(iiioiiKi  (e/fectivi'ly  A)  -0().  copper  iodide,  and  resiiim 
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A  method  and  an  instrument  are  described  for  the  measurement  of  theabsolutequantum  yield  for 
front-surface  and  transmission  photocathodes  in  the  0. 1-10-kcV  photon  energy  region.  The  total 
and  the  secondary  electron  photoemission  yields  have  been  measured  for  the  Al,  Au,  Cul,  and  Csl 
photocathodes  as  required  for  the  absolute  calibration  of  the  x-ray  diode  detectors  and  for  the  x- 
ray  streak  cameras.  The  relative  secondary  electron  yields  have  also  been  measured  for  the  same 
photocathodes  by  high  resolution  electron  spectroscopy  of  the  secondary  electron  energy 
distributions,  which  are  in  good  agreement  with  the  absolute  yield  measurements.  The  secondary 
electron  yield  of  Csl  is  ten  to  one-hundred  times  higher  than  that  for  Au  in  theO.l-lO-keV  region 
and  with  a  secondary  energy  distribution  that  is  appreciably  sharper.  For  these  reasons,  Csl 
should  be  an  effective  photocathode  for  sensitive,  time-resolved  spectroscopy  into  the  picosecond 
region.  It  is  verified  experimentally  that  the  secondary  electron  quantum  yield  varies 
approximately  as  Efi{E ),  with  E  as  the  photon  energy  and  ^(£ )  as  the  photoionization  cross 
Section,  and  that  the  primary  (fast)  electron  quantum  yield  is  a  small  fraction  of  the  total  yield  and 
varies  approximately  as  E  *//{£ ).  A  simple  model  for  x-ray  photoeinission  is  described  which  leads 
to  semiempirical  equations  for  front- and  back-surface  secondary  electron  photoemissionasbased 
Upon  an  escape  depth  parameter  that  may  be  obtained  from  y  ield-versus-photocathode  thickness 
data.  The  model  predictions  are  in  good  agreement  with  experiment. 


PACS  numbers:  79.60.Cn,  79.60.Eq,  72.10.  —  d 


I.  INTRODUCTION 

Time-resolved  x-ray  spectroscopy  has  become  of  con¬ 
siderable  importance  in  the  temperature  density  composi¬ 
tion  diagnostics  of  high-teniperature  plasmas  involved  in 
controlled  thermonuclear  fusion  studies  which  utilirc  laser, 
particle  beam,  or  magnetic  compression-confinement  pro¬ 
duction.  The  time  duration  of  the  associated  x-ray  emission 
ranges  from  picoseconds  to  seconds.  Time-resolved  x-ray 
spectroscopy  is  also  important  in  the  development  of  super¬ 
radiant,  pulsed  x-ray  sources,  their  application  to  studies  of 
the  radiation  effects  of  x-ray  bursts  upon  materials,  and  the 
x-ray  analysis  of  atomic,  molecular,  and  solid-state  time-re¬ 
solved  processes  into  the  picosecond  region.' 

The  electron  currents  th.it  are  emitted  by  photocath¬ 
odes  under  x-ray  excitation  can  be  a  very  cfTective  basis  for 
time  resolved  spectroscopic  measurement  using  .x-ray  diode 
or  streak  camera  detection.'**  In  the  latter,  an  .x-ray  spec¬ 
trum  can  be  established  along  a  slit-clcfmcd  tr.instnission 
photocathode  of  tlie  streak  camera  by  using  focussing  filter- 
total- reflection  rnoiiochromator,  crystal/inultilaycr  arrays, 
or  iionfocussing,  Bragg  reflecting  crystal/muUilayer  analyz¬ 
er  systems. 

In  tirnc-resolved  x-ray  spectroscopy,  the  ultimate  limit 
on  the  achievable  time  resolution  is  the  quantum  conversion 
efficiency  of  the  pliotocatlioilc  (which  ilctcnnines  signal  stat¬ 
istics)  and  the  energy  spread  of  the  emitted  cleelrons  as  is 
noted  in  1  (which  dclcrmincs  the  time  resolution).*’ The 
relatively  small  fraction  of  fast  electrons  that  is  photoemit- 
ted  is  eflcctively  blocked  by  the  electron  optical  apertures  of 
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the  typical  streak  camera.  In  Fig.  2  the  difference  in  the  arri¬ 
val  time  at  the  output  end  of  the  streak  camera  is  given  as  a 
function  of  the  energy  width  A  of  the  secondary  electron 
energy  distribution,  the  extraction  field  fo-  of  the  geome¬ 

try  of  the  camera.  In  addition  to  the  absolute  yield-versus- 
plioton  energy  and  the  shape  of  the  secondary  electron  dis¬ 
tribution  curves,  other  important  characteristics  of  the  x-ray 
photocathode  are  its  stability,  reproducibility,  simplicity  of 
spectral  respo.ise,  and  the  linearity  ©fits  time  response.  De¬ 
scribed  here  is  a  method  and  an  instrument  for  the  measure¬ 
ment  of  the  absolute  total  and  secondary  electron  yields 


f-'IO  1 .  In  ll«c  0  r  10  keV  photon  energy  region  the  huger  frjctinn  of  fhr 
flrctitnis  ih.it  arc  cinit!i(iarethc  secotuhafy  clcclronN.  lypicaHy  ;»s  a  narrow 
distrihu{u>n  below  10  cV.  The  hipher  energy.  Tu-t  electron  phtttoc-inoviOi* 
coiiMStv  of  reljiively  sh.^rp  elastically  scatterrej  photoclcctrons  aat!  Anj;er 
electron  “huts*’  with  j  much  l.irycr  riumber  of  inelaslical’y  sc.altercJ 
elci, irons  in  ihcir  low  cneigy  t.ul  icy.u>n 
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Low  Energy  X-Ray  Interactions:  Photoionization.  Scattering.  Specular  and  Bragg  Reflection 
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ABSTRACT 


For  the  low  energy  x-ray  region  of  100-2000  cV,  the  coniplete  atomic  interaction,  coherent  scattering  and 
photoelectric  absorption  can-be  described  by  a  complex  scattering  amplitude  v;hich  may  be  given  through  the  atomic 
scattering  factor,  fj  +  ifj.  For  this  low. photon  energy  region,  it  is  shown  by  the  relativistic  quantum  disper¬ 
sion  theory  that  the  atomic  scattering  factors  can  be  uniguely  determined  from  simple  relations  involving  only  the 
atomic  photoionization  cross  section  dependence  upon  photon  energy.  We  have  compiled  "state  of  the  art"  tables 
for  the  phetoionization  cross  sections  for  94  elements  and  for  the  photon  energy  region  of  30-  10,000  eV.  VMth 
this  compilation,  we  have  established  atomic  scattering  factor  tables  for  the  100-2000  eV  region.  By  a  sutnaing  of 
the  complex,  atomic  scattering  amplitudes,  a  low  energy  x-ray  interaction  can  be  determined.  Even  for  atoms  in 
the  molecular  or  solid  state  the  scattering  cross  sections  remain  atomic-like  except  for  photon  energies  very  near 
the  thresholds.  Using  practical  examples,  the  methods  of  calculation,  with  the  atomic  scattering  factors,  are 
reviewed  here  for  the  following;  1)  x-ray  energy  deposition  within  materials  (energy  response  of  x-ray  photo- 
cathodes);  2)  transmission  through  a  homogeneous  mediuii;  refraction;  3)  transmission  through  a  random  collection 
of  uniform  spheres:  low  angle  scattering  in  an  inhomogeneous  medium;  4)  specular,  Fresnel  reflection  (total  and 
large  angle  reflection)  at  smooth  boundary;  and  5)  Dragg  reflection  from  a  periodic,  layered  system — (reflection 
by  crystals  and  multilayers). 


I.  INTRODUCTION— THE  ATailC  SCATTERING  FACTORS 


In  this  review,  we  would  like  to  discuss,  for  the 
low  energy  x-ray  region  (100-2000  eV  region),  how  the 
interactions  of  absorption,  scattering  and  reflection 
can  be  well  described  by  using  the  atomic  scattering 
factors  as  the  primary  parameters  for  the  material 
system.  In  the  Appendix  of  these  proceedings  ne  present 
tables  for  the  atomic  scattering  factors  as  directly 
derived  from  a  recent  work  [1]  on  a  "state  of  the  art" 
compilation  of  the  photoionization  cross  sections  for 
94  elements  for  the  30-10,000  eV  region,  along  with  the 
calculated  atomic  scattering  factors  for  the  100-2000  eV 
photon  energy  region.  We  present  here,  as  applied  to 
selected  examples  of  relevance  in  low  energy  x-ray 
diagnostics,  some  basic  procedures  for  predicting  low 
energy  x-ray  interactions. 

The  interaction  physics  for  the  conventional  x-ray 
region  (for  photon  energies  above  1000  eV)  has  been  pre¬ 
sented  by  many  excellent  texts  including  that  of  Compton 
and  Allison  [2]  and  R.  VI,  James  [3].  What  is  suitmarized 
here  is  an  extension  and  special izaticn  of  this  physics 
that  is  useful  for  the  long  wavelength  x-ray  region  of 
10-100  A. 

For  the  low  energy  x-rays,  the  interaction  can  be 
defined  as  simply  coherent  scattering  and  photoelectric 
absorption.  Incoherent  scattering  is  negligible.  The 
complete  interaction  with  an  atom  may  thus  be  described 
by  a  complex  scattered  amplitude  defined  by  an  atomic 
scattering  factor,  fj  ♦  i  fj ,  as  depicted  in  Figs.  142,  The 
scattered  amplitude  Is  given  by  this  factor  multiplied 
by  that  amplitude  which  would  be  scattered  if  the  atom 
were  replaced  by  a  free,  Thomsonian  electron.  Here,  ro 
is  the  classical  electron  radius,  p  the  electron  mass, 
c  the  velocity  of  light  and  R  the  distance  from  the 
atom  to  the  point  of  measurement.  Because  the  wave¬ 
lengths  of  interest  arc  large  as  compared  with  the 
dimensions  of  the  electron  distributions  within  the 
atom,  we  make  the  important  assumption  here  that  essen¬ 
tially  all  electrons  will  scatter  effectively  in  phase 
for  all  but  the  largest  angles  of  scattering  so  that  the 
atomic  scattering  factor  components,  fi  and  fi,  may  be 
considered  angle  independent.  The  complex  amplitude  of 
atomic  scattering  therefore  will  be  dependent  only  upon 
the  angle  of  scattering,  20,  through  the  polarization 


factor,  P(28),  of  the  Thomsonian  tern.  P(23)  is  equal 
to  unity  or  cos  2e  depending  upon  whether  the  incident 
electric  vector  is  perpendicular  to  or  parallel  to  the 
plane  of  scattering.  As  will  be  discussed  below,  the 
relative  roles  of  the  coherent  scattering  and  the  photo¬ 
electric  absorption  will  be  expressed  through  fi  and  f*, 
respectively. 


The  relativistic  quantum  dispersion  theory  for 
atonic  scattering  and  the  calculation  of  the  atomic 
scattering  factors  has  been  presented  by  Cromer  and 
Lieberman  [4]  and  by  Jensen  fSJ  (along  with  their 
references).  In  Fig.  2  are  shovm  their  results  includ¬ 
ing  the  relativistic  corrections,  to  the  semiclassi- 
cal,  usual  relations  for  fj  and  fj.  Here  2  is  the 
atomic  number,  h  Planck's  constant,  me*  rest  mass  ener¬ 
gy  of  the  electron,  Etot  ^*1®  total  energy  of  the  atom 
and  E  the  photon  energy.  Cromer  and  Lieberman  have 
estimated  E^ot  (a  negative  quantity)  for  all  the 
elements  and  from  their  table  we  have  fit  the  following 
polynomial  for  the  larger  term  in  Afp- 
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low  Energy  X-Ray  Spectroscopy  with  Crystals  and  Multilayers 
B.  L.  Henke 

University  of  Hawaii,  Department  of  Physics  and  Astronomy,  Honolulu.  Hawaii  96S22 


ABSTRACT 

The  molecular  and  sputtered/evaporated  multilayers  and  the  acid  phthalate  crystals  can  be  applied  for 
relatively  fast,  high  efficiency  spectral  analysis  of  constant  and  pulsed  low  energy  x-ray  sources  in  the  100  to 
2000  eV  region,  limits  of  resolution  are  about  1  eV.  Reviev;ed  here  are  the  basic  methods  for  the  theoretical  and 
the  experimental  characterization  of  these  analyzers  as  required  for  absolute  x-ray  spectrometry.  The  design  and 
absolute  calibration  of  spectrographs  for  pulsed  low  energy  x-ray  source  diagnostics  are  described. 


1.  IHTROOUCTIOH— GRATING  VS  BRAGG  SPECTROMETRY 

Generally,  the  grazing  incidence,  diffraction 
grating  spectrometry  and  the  large  angle  Bragg  diffrac¬ 
tion  spectrometry  are  complementary.  Grating  spectro¬ 
graphs  can  yield  lower  limits  of  resolution  (<0.1  eV) 
but  with  relatively  small  aperture  and  low  dispersion. 
The  crystal/multilayer  spectrographs  are  of  higher 
limits  of  resolution  (>0.5  eV)  but  with  simpler  and 
more  flexible  large  angle  gcosnetry  and  with  high  dis¬ 
persion.  The  crystal /multi layer  spectrographs  are  of 
large  aperture  with  an  overall  spectrographic  speed 
that  is  considerably  higher  for  constant  source  and 
somewhat  higher  for  pulsed  source  spectroscopy.  A 
precise  Intensity  and  window  profile  calibration  of  the 
crystal/multilayer  instrument  is  more  easily  attainable. 
Having  accurately  characterized  instrument  window 
functions  permits  an  effective  resolution  enhancement 
in  the  crystal /multi layer  spectrometry  by  simple 
deconvolution  procedures.  The  two  spectrographic 
approaches  are  clearly  complementary,  and,  ideally, 
both  the  grating  and  the  crystal/multilayer  spectro¬ 
graphs  should  be  applied  for  an  optimized  analysis  of 
many  spectroscopic  problems.  (For  a  comprehensive 
review  of  grating  spectrometry,  see  that  by  E.  Kallne 
in  these  Proceedings.) 

Even  with  very  intense  excitation  sources  such  as 
some  synchrotron/storage  ring  and  high  temperature 
plasma  sources-,  it  may  be  that  the  crystal/multilayer 
spectrographs  must  still  be  used  because  the  number  of 
photons  actually  available  for  proper  spectroscopic 
analysis  is  limited  by  other  factors.  The  higher  spec¬ 
trographic  speed  may  he  required  to  achieve  satisfac¬ 
tory  statistics  along  with  high  temporal  resolution  in 
time-resolved  spectroscopy.  Primary  monachromators  may 
be  required  for  needed  selective  excitation  of 
spectroscopic  samples  which  in  turn  may  seriously  limit 
the  intensity  available  for  high  resolution  spectros¬ 
copy.  finally,  the  spectroscopic  sample  may  suffer 
appreciable  radiation  damage  under  the  excitation  dose 
that  may  be  required  for  a  given  spectrographic 
measurement.  An  example  of  this  type  of  problem  is 
shovm  in  Fig.  1.  A  lov/  energy  x-ray  spectral  analysis 
for  the  molecular  orbital  configuration  of  the 
crystalline  solid  sample  of  sodium  perchlorate  by  a 
relatively  fast,  flat  crystal  spectrograph  requires 
approximately  three  hours  for  one  percent  statistics. 

As  shown  here,  with  nine-minute  scans  through  this 
period,  the  sample  is  steadily  reduced  through  succss- 
ivc  oxidation  states  with  the  last  scan  revealing  the 
molecular  orbital  spectrum  that  is  characteristic  of 
HaCI.  A  successful  analysis  of  this  sample  was 
possible  [1,2]  only  by  distributing  the  dosage  over 
eight  samples  using  selective  excitation  by  photons  of 
-energy  for  which  the  photo  ionization  process  that  is 
required  has  the  highest  cross  section  and  using  time 


resolved  data  collection  which  permitted  an  extrapola¬ 
tion  to  a  "zero-dose”  spectrini.  Resolution  enhancement 
was  used  to  bring  the  energy  resolution  of  this 
measurement  to  about  0.5  cV,  using  a  lead  ng'ristate, 
molecular  multilayer  analyzer. 
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In  a  recent  work.’  a  "state  of  the  art"  evaluation  and  fitting  of  the  best 
available  experimental  and  theoretical  photoabsorption  cross  sections  has  been  presented 
for  the  30  to  10,000  eV  region.  Using  the  quantum  dispersion  relations,  the  atomic 
scattering  factors  were  uniquely  determined  from  the  photoabsorption  cross  section 
data  for  the  low-energy  x-rays.  In  Ref.  1,  the  original  data  were  given  at  fifty 
laboratory  wavelengths  along  with  compilation  references  and  a  description  of  the 
fitting  procedures.  Presented  here  are  the  ft  and  f±  values  which  have  been  Inter¬ 
polated  at  regular  Intervals. 

As  discussed  In  the  review  papers  of  these  Proceedings  by  Henke,*’*  the  fi  and 
fj  parameters  may  be  applied  to  calculate  the  low-energy  x-ray  Interactions — absorp¬ 
tion,  scattering,  specular  and  Bragg  reflection. 

The  corresponding  value  for  the  photoabsorption  cross  section  Is  related  to  fz  by 
Eu{E)  =  Kfi,  where  K  for  a  given  element  is  presented  at  the  end  of  each  fi/f*  table 
for  a  given  element  in  keV-cn’/grara  units.  For  Eu(E)  In  eV-bams/atom  units,  K  is 
equal  to  6.937  x  10’  for  all  atoms. 

The  tables  are  presented  here  at  125  values  of  photon  energy,  E(eV),  and  wave¬ 
length,  k(A).  with  logarithmically  spaced  intervals  by  truncating  to  the  nearest 
electron  volt  the  energy  as  given  by 

E  «  100  X  10^”  1c.3  20)/12'1  . 

This  expression  may  be  used  for  convenient  computer  calculation  and  plotting  of 
functions  of  fi  and  fj  as  Indexed  here  by  H.  (fj  and  fi  have  been  precisely  Inter¬ 
polated  for  the  truncated  £  values  listed  in  these  tables.)  The  approximte  X,  I  and 
H  absorption  edge  positions  are  Identified  within  the  tables. 

For  the  shorter  wavelengths  and  for  the  larger  angles  of  scattering,  the  accuracy 
Of  these  atomic  scattering  factors  might  be  improved  by  the  inclusion  of  two  small 
correction  terms  for  relati vlstics  and  charge  distribution  effects.  Such  corrections 
can  become  of  relative  importance  when  the  magnitude  of  the  scattering  factor  has  been 
appreciably  reduced  by  anomalous  dispersion.  As  Is  discussed  In  Refs.  1  and  2,  the 
modified  scattering  factor  becomes  simply  f  *  f|  -  -  Af»  +  ifz,  where  the 

relativistic  correction,  bf^.  Is  equal  to  (5/3)|EtotI/'''C*»  which  has  been  tabulated 
by  Cromer  and  Liberman''  for  Z  *  3  to  Z»93;  and  the  charge  distribution  correction, 
bfo,  is  equal  to  (Z  -  fo),  where  f,  is  the  atomic  form  factor  which  recently  has  been 
tabulated  as  a  function  of  (sin0/>  )  by  Hubbell  and  OverE^  ^(Note:  8  (Hubbell )  ■ 

29  (Henke).)  For  (sin8A  S  .05  A**,  f,  »  Z,  and  for  (sin9A)  •  0.1  A”‘,  f,  “  0.9  Z 
for  most  elements.  An  estimate  of  the  value  for  the  relativistic  correction,  bfp, 
may  be  given  by’*’  c|E,„,| 

Aff  ■  31^  ’  +  1.03  X  10"*Z’. 


*rhe  fi/fi  data  as  originally  presented  in  the  Monterey  Conference  Proceedings  have 
been  re-evaluatcd  and  some  small  improvements  in  the  fittings  have  been  included  here 
In  the  photon  energy  region  below  about  300  eV  for  26  elements  as  based,  in  part,  upon 
newly  acquired  photoabsorption  data. 
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’"Low  Energy  X-Ray  Interactions:  Photoionization,  Scattering,  Specular  and  Bragg 
Reflection,"  B.  L.  Henke,  AI?  Conference  Proceedings  No.  75,  Low  Energy  X-Ray 
Diagnostics-)9S1,  Monterey  (American  Institute  of  Physics,  New  York,  1981). 

’"Low  Energy  X-P.ay  Spectroscopy  with  Crystals  and  Multilayers,"  B.  L.  Henke.  AIP  Con¬ 
ference  Proceedings  tio.  75,  Lew  Enerw  X-Ray  Oiagnostics-1901.  Monterey  (American 
Institute  of  Physics,  New  York,  1981). 

’0.  T.  Croner  and  0.  Liberman,  J.  Chem.  Phys.  5T,  1891  (1970). 
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Diffraction  of  X-rays  in  multilayer  systems  such  as  the  molecular  and  the  evaporated/spuitercd  inulti-byers  have  been 
studied  based  upon  the  optics  of  thin  Hlms.  General  solutions  for  the  intensity  profiles  of  x-ray  diffraction  from  multi¬ 
layers  of  finite  thickness  have  been  obtained  for  angles  of  incidence  outside  the  total  reflection  region.  It  is  also  shown 
that  the  optical  expression  for  diffraction  in  the  x-ray  region  by  periodic  systems  agree  with  the  conventional  crystal  dif¬ 
fraction  theories. 


I.  Introduction 


Improved  experimental  techniques  have  generated 
considerable  interest  in  the  application  of  evaporated 
(11  and  sputtered  (2J  multilayers  (ESM)  as  analyzers 
and  monochromators  in  the  ultrasoft  x-ray  region 
(10-100  A).  Variable  rilm  thicknesses  and  materials 
enable  ESM  to  operate  in  regions  between  acid 
phthalate  crystals  and  the  molecular  multilayersstich 
as  the  Langmuir-Blodgett  systems. 

For  crystals,  there  are  two  principle  theories  which 
may  be  invoked  to  account  for  the  intensities  ob¬ 
served  in  x-ray  diffraction  studies.  The  kinematical 
theory  assumes  that  there  is  no  appreciable  absorp¬ 
tion  or  multiple  reflection  of  radiation  in  the  crystal 
medium  and  hence  is  valid  only  for  extremely  thin 
crystals.  Dynamical  theory,  on  the  other  hand,  takes 
into  account  all  wave  interactions  within  the  crystal, 
and  must  be  used  whenever  diffraction  by  large  per¬ 
fect  crystals  is  of  interest.  As  a  general  rule,  if  the 
thickness  of  the  diffraction  region  and  tire  reOection 
per  plane  are  suiTiciciuly  small  that  multiple  interplay 
of  beams  is  negligible,  then  the  results  predicted  by 
the  dynamical  diffraction  fornniiac  (i.e.,  Darwin- 
Prin.s  or  Ewald  models)  approach  those  predicted  by 
the  kinematical  forniiila  [3--51. 
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The  calculated  intensities  of  x-ray  diffraction  from 
ESM  have  been  based  upon  the  optics  of  thin  films. 
Tltis  approach  is  the  summation  of  all  the  reflection 
and  refraction  fields  of  x-rays  at  the  plane  interface 
of  two  adjacent  media  of  different  index  of  refraction, 
ft  Numerous  authors  have  given  expressions  for  the 
intensity  ratio  of  the  incident  beam  to  the  reflected 
beam  of  a  finite  number  of  films  in  terms  of  recursion 
formulae  [6  -8).  Recently  the  peak  reflectivity  for 
ESM  with  two  films  per  period  has  been  obtained  in 
closed  form  [9). 

It  is  the  intention  of  this  communication  to  extend 
die  theory  of  x-ray  diffraction  by  ESM  and  to  unify 
the  crystal  x-ray  diffraction  theory  witli  the  theory  of 
interference  films.  Sect.  2.1  considers  the  case  o(ff 
periodic  multilayers  with  two  films  per  period.  Expres¬ 
sions  for  the  profile  of  the  diffracted  beam  has  been 
derived  in  closed  form  for  all  angles  of  incidence 
outside  the  total  reflection  region.  Sect.  2.2  deals 
with  the  general  case  of  s  layers  per  period.  Sect.  3 
generalizes  the  formalism  developed  in  the  previous 
section  to  the  case  of  x-ray  diffraction  by  crystals.  Dif¬ 
fraction  formulae  valid  for  arbitrary  number  of  layers 
are  given.  The  final  sect.  4  gives  a  comparison  for 
various  N,  of  the  calculated  diffraction  profiles  for  a 
few  of  the  crystals  and  multilayers  of  current  interest. 

Considerable  algebraic  simplification  in  the  x-ray 
region  results  from  the  refractive  index,  n,  being  nearly 
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The  primary  low-energy  x-ray  interactions  within  matter  arc  photoabsorption  and  coherent 
scattering,  which  can  be  efTiciently  described  for  photon  energies  outside  the  threshold  regions  by- 
using  atomic  scattering  factors.  These  may  be  uniqttcly  determined  through  quantum  dispersion 
relations  from  photoabsorption  data.  With  the  available  fittings  of  the  pholoabsorption  cross  sections 
and  with  a  new  compilation  of  such  data  for  tltc  region  30-300  eV,  continuous  sets  of  the  pho- 
loabsorpiion  cross  sections  from  30  to  10  000  cV  have  been  determined  for  94  elements.  With  these, 
for  the  region  100-2000  eV,  atomic  scattering  factors  which  arc  independent  of  scattering  angle 
and  which  include  the  relatively  strong  anomalous  dispersion  structures  have  been  obtained.  Methods 
arc  reviewed  and  currently  important  examples  of  the  application  of  atomic  scattering  factors  to 
the  detailed  charactcriz-ation  of  selected  x-ray  mirror  monochromators  and  of  Bragg  multilayer  and 
crystal  analyzers  for  low-cncrgy  x-ray  analysis  arc  presented. 
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For  pulsed  X-ray  measuremenls  as  applied,  for  example,  in  high  temperature  plasma  diagnostics,  it  has  hcen  established  that  the 
cesium  iodide  photocaihode  is  very  efficient  for  X-ray  duxle  and  streak  camera  applications.  Its  quantum  yield  (elecirons/incideni 
photon)  is  ten  to  one-hundred  limes  higher  than  that  for  the  gold  photocaihode  in  the  100-10000  eV  region.  The  width  of  its 
secondary  electron  energy  distribution  is  appreciably  less  than  that  for  gold,  allowing  lime  resolved,  streak  camera  measuremenls  to  be 
extended  into  the  picosecond  region.  In  this  note  an  experimental  study  is  described  which  demonstrates  that  the  cesium  iodide 
photocaihode  quantum  yield  and  secondary  electron  energy  distribution  can  he  stable  under  practical  conditions  of  preparation, 
handling,  storage  and  short  period  exposures  to  the  atmosphere. 


1.  Introduction  vacuum  deposited  upon  microscope  slides.  The  evapora¬ 

tion  source  was  a  tungsten  boat  with  a  perforated  lid. 
Quantitative  measurements  of  X-ray  emissions,  as  placed  12  cm  from  the  substrates.  As  previously  de¬ 
fer  high  temperature  plasma  diagnostics,  require  accu  termined  [3]  to  be  optimum  for  low-energy  X-ray  pbolo- 

rately  calibrated,  often  time-resolved  spectroscopy.  The  cail)(xlc,s.  the  thickness  of  the  cesium  iodide  samples 

sensitivity  and  reproducibility  of  X-ray  detectors  such  was  chosen  to  be  2000  A  (measured  by  multiple-beam 

as  X-ray  streak  cameras  and  X-ray  diodes  depend  print-  interferometry).  Its  purity  was  99.99%.  Cold  samples 

arily  upon  the  X-ray  photoemission  characteristics  of  were  vacuum  deposited  to  about  700  A  thickness  using 

the  photocathodc  material  which  is  used  for  the  conver-  a  tungsten  spiral  basket  for  the  evaporation  source.  All 

Sion  of  incident  X-ray  photons  to  photoelectrons.  Our  samples  were  handled  in  a  dry  nitrogen  atmosphere 

recent  investigations  (1-4)  and  those  of  other  investiga-  during  transfer  and  storage.  At  the  completion  of 

tors  (5-9J  have  shown  (hat  cesium  iodide  can  be  a  very  evapor-ttions,  the  samples  were  divided  into  four  groups 

practical  photocathode  material  with  imporlani  ad-  with  two  cesium  iodide  samples  and  two  gold  samples 

vantages  as  compared  with  those  of  the  conventional  in  each  One  (group  I)  was  immediately  placed  in  an 

phoiocalhodes,  gold  and  aluminum  (lOj,  because  of  its  in.s(rumenl  for  absolute  quantum  yield  measurement  [3], 

high  quantum  efficiency  and  its  relatively  narrow  see-  and  another  (group  2)  into  a  hemispherical  analyzer 

ondary  energy  distribution.  We  have  also  found  that  electron  spectrograph  (I,3,10J  for  the  secondary  electron 

under- practical  preparation  conditions  (10"‘  Torr.  LN-  energy  distribution  measurements.  The  remaining  two 

trapped  vacuum  evaporation),  the  reproducibility  of  the  (groups  3  and  4)  were  stored  in  dry  nitrogen  and  in 

photocaihode  quantum  yields  and  secondary  electron  argon,  respectively.  Total  quantum  yields  of  the  samples 

distributions  (batch  to  batch)  is  well  within  a  few  per-  were  measured  daily  for  thirty  days.  The  pressure  in  the 

cent.  This  note  describes  an  investig.alion  of  the  slohif/M-  sample  chamber  was  10'’  Torr.  The  yield  and  sec- 

of  the  ce.sium  iodide  photocaihode  under  practical  ondary  electron  distribution  measurements  were  made 

wo.'king  conditions.  For  comparis-.m,  the  siahiltly  of  the  wuh  Mg  )C__  (|254  eV)  photon  excitation.  Shown  in 

gold  photocaihode  ha.s  also  been  studied  under  similar  fig  )  a  p|o(  of  ,),j  ,oial  quantum  yield-vs-age  for 

working  conditions  cesmm  iovlulc  .and  gold  samples  which  indicates  that  for 

both  plioitKalhodcs  the  variation  in  quantum  yield  over 
thirty  days  in  v.acuum  was  not  more  than  2%. 

2.  The  cxfivrimenl  At  the  completion  of  the  quantum  yield  measure¬ 

ments  us  taken  over  the  thirty-day  period,  the  samples 
The  photocaihode  samples  were  vacuum  evaporated  stored  in  dry  nitrogen  (group  3)  and  argon  (group  4) 
onto  1000  A  thick  chrttmtum  stibsirates  which  w-ere*  were  nieastircd  along  w-ilh  group  I  samples  for  a  direct 

comparison  of  thcit  quantum  yields.  Variations  in  the 
•  prescni  -iddicsv  Dcpjiimeni  of  Ptivviev.  Univcrsiiv  n(  Sii  vichl  values  among  all  of  thiee  groups  were  within  3T 

Lanka.  Pcradcniya  Campos,  i'eradcnivj,  Sft  Lanka  as  nIkivsii  id  fig.  2. 
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Pulsed  plasma  source  spectrometry  in  the  80-8000-eV  x-ray  region 

B.  L  Henke,  H.  T.  Yamada,  and  T.  J.  Tanaka 

Department  of  Physics  and  Astronomy.  Uniuersity  of  Hawaii.  Honolulu.  Hawaii  96822 
(Received  4  February  1983;  accepted  for  publication  10  June  1983) 

The  general  characteristics  are  compared  for  the  plane,  convex,  and  concave  fixed  crystal 
analyzers  which  may  be  applied  to  the  spectrometry  of  concentrated,  intense  plasma  sources  of  x 
radiation  involved,  for  example,  in  fusion  energy  and  x-ray  laser  research.  The  unique  advantages 
of  the  elliptical  analyzer  for  precise  and  absolute  spectral  measurements  are  noted  and  detailed 
descriptions  of  its  geometrical  and  physical  optics  are  presented.  With  a  source  point  at  one  of  the 
foci  of  the  elliptical  analyzer  profile,  the  spectrum  is  Bragg  reflected  (45*  <16  <  135*)  at  normal 
incidence  upon  a  detection  circle  with  its  center  at  the  second  focal  point,  at  which  an  effective 
scatter  aperture  and  filter  window  is  located.  A  primary  monochromator  consisting  of  a 
cylindrical,  grazing-incidence  mirror  is  placed  between  the  source  and  the  analyzer  to  provide  an 
efficient  cutoff  for  high-order  diffracted  background  radiation  and  to  focus  the  divergent  rays  so 
as  to  obtain  an  adjustable  spectral  line  length  at  the  detection  circle.  Photographic  film  may  be 
transported  along  the  detection  circle.  Linear  position-sensitive  electronic  detection  arrays  or  a 
.streak  camera  slit  window  may  be  placed  along  a  chord  of  the  detection  circle.  Calibration 
procedures  for  absolute  line  and  continuum  intensity  measurement  are  described  and  examples  of 
calibrating  spectra  are  presented  as  measured  with  elliptical  analyzers  of  LiF,  PET,  KAP,  and 
molecular  multilayers  for  the  80-8000-eV  photon  energy  region.  The  instrumental  effects  that 
contribute  to  the  spectral  line  shape  as  measured  by  the  elliptical  analyzer  spectrograph  are 
defined  and  a  simple  line-shape  analysis  procedure  is  presented  for  the  determination  of  the  line¬ 
broadening  contributions  of  the  source.  The  effects  of  an  off-axis  positioning  of  a  source  point  and 
of  an  extended  source  are  analyzed  and  the  application  of  the  elliptical  analyzer  spectrograph  for 
one-  and  two-dimensional  imaging  or  an  extended  source  at  a  given  photon  energy  is  discussed. 
Finally,  methods  and  materials  for  the  construction  of  the  elliptical  analyzers  are  described. 

PACS  numbeis:  52.25.Ps.  52.70.  Kz,  07.85.  +  n 


INTRODUCTION 

Through  the  last  decade  very  intense  and  concentrated 
pulsed  sources  of  x  radiation  have  been  developed.  Notable 
among  these  have  been  the  laser-produced  plasma  sources. 
In  addition,  improved  versions  of  the  discharge-type  sources 
havebecome  available,  e.g.,  the  Z-pinch,  e.xploding  wire,  and 
imploding  linear  sources.  These  are  being  applied  in  high- 
temperature  plasma  physics  research  generally,  in  the  spec¬ 
troscopy  of  highly  ionized  atomic  species,  in  fusion  energy 
and  x-ray  laser  research,  and  in  the  development  of  x-ray 
microscopy  and  lithography. 

For  the  characterization  and  application  of  these  new 
sources  there  has  arisen  an  important  need  for  precise  and 
absolute  pulsed  x-ray  source  spectrometry  for  both  large  and 
narrow  spectral  range  measurement.'  *  To  meet  this  need,  a 
fixed  elliptical  analyzer  spectrograph  has  been  developed  for 
the  100-10000-cV  photon  energy  region.  Described  here  are 
its  basic  characteristics  and  design,  its  calibration,  and  its 
application. 

In  Sec.  I  a  comparison  is  presented  of  pulsed  source 
spectroscopy  with  plane,  convex,  and  concave  (elliptical) 
fixed  analyzers.  In  Sec.  II  the  geometrical  optics  for  elliptical 
analyzer  spectroscopy  is  presented.  In  Sec.  Ill  the  determin¬ 
ation,  theoretically  and  experimentally,  of  the  transmission 
characteristics  of  the  elliptical  analyzer  spectrograph  is  de¬ 
scribed.  Spectral  line-shape  functioii.s  are  pre.scnted  in  Sec. 
IV,  And,  finally,  discussed  in  Sec.  V,  are  the  cITccts  of  off- 


axis  source  points  relative  to  aligiunent  procedures  for  point 
sources  and  to  One-  and  two-dimenaonal  imaging  for  ex¬ 
tended  sources.  In  Appendix  A  methods  for  constructing  the 
elliptically  curved  analyzers  are  discussed.'  In  Appendix  B  a 
FORTRAN  program  is  presented  for  resolution  enhancement 
and  line-shape  analysis. 

I.  THE  FIXED  CRYSTAL  ANALYZERS 

The  spectrum  that  is  projected  by  the  fixed  crystal  ana¬ 
lyzers  may  be  characterized  geometrically  by  three  basic  pa¬ 
rameters:  (1)  the  angle  of  a  ray  from  a  point  source  that  is 
reflected  by  a  differential  section  of  the  diffracting  analyzer, 
(2)  the  associated  Bragg  angle  6  made  at  the  point  of  inci¬ 
dence  upon  the  analyzer,  and  (3)  the  angled  which  is  mea¬ 
sured  from  a  line  through  the  crossover  point  of  the  differen¬ 
tial  bundle  of  rays  as  defined  by  the  small  variations  djt'  and 
tiO.  The  relationship  between  the  variables  6,  and  p  is 
illustrated  in  Fig.  I  and  given  by 

Y  =  20-/7. 
from  which 

dx-/d9-=2  -dp/dO.  (1) 

The  angled  is  intended  hereto  measure  effectively  a  position 
in  the  spectrum  in  the  detection  space.  Because  often  one  can 
choose  a  fixed  crystal  geometry  for  which  the  crossover  posi¬ 
tions  are  the  same  (or  nearly  so)  for  a  relatively  large  spectral 
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Low  Energy  X-Ray  Response  of  Photographic  Films: 
Part  I.  Mathematical  Models 


B.L.  Henke,  S.  L.  Kwok,  J.  Y.  Uejio, 
H.  T.  Yamada  and  G.  C.  Young 


University  of  Hawaii 
Honolulu,  Hawaii  96822 


ABSTRACT 

Relatively  simple  mathematical  models  are 
developed  for  optical  density  as  a  function  of 
the  x-ray  intensity,  its  angle  of  incidence  and 
photon  energy  in  the  100-10,000  eV  region  for 
monolayer  and  emulsion  types  of  photographic 
films.  Semi-empirical  relations  have  been 
applied  to  characterize  a  monolayer  film,  Kodak 
101-07,  and  an  emulsion  type  film,  Kodak  RAR 
2497,  which  fit  calibration  data  at  nine  photon 
energies  well  within  typical  experimental 
error . 
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Low-Energy  X-Ray  Response  of  Photographic  Films; 
Part  II.  Experimental  Characterization 


B.  L.  Henke,  F.  G.  Fujiwara,  M.  A.  Tester 

University  of  Hawaii 
Honolulu,  Hawaii  96822 
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Lawrence  Livermore  National  Laboratory 
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M.  A.  Palmer 
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ABSTRACT 


Optical  density  vs  exposure  data  have  been  obtained 
at  nine  photon  energies  in  the  100-2000  eV  x-ray  region 
for  five  spectroscopic  films  (Kodak's  101-07,  SB-392,  RAR 
2492,  2495  and  2497).  These  data  were  determined  opera¬ 
tionally  by  a  direct  comparison  of  the  peak  absolute 
intensities  of  spectral  lines  measured  with  a  calibrated 
proportional  counter  and  the  microdensitometer  tracings 
of  the  corresponding  photographically  recorded  spectral 
lines.  Film  resolution  limits  were  deduced  from  an 
analysis  of  contact  microradiograms  of  linear  zone  plates 
constructed  of  gold  bars.  The  relationship  between  the 
specular  densities  as  measured  here  and  the  diffuse  den¬ 
sities  have  been  experimentally  determined  for  the  five 
films.  Finally,  experimental  measurements  of  the 
optical  density  vs  the  angle  of  incidence  of  exposing 
radiation  of  constant  intensity  were  obtained.  These 
data,  relating  density  to  the  x-ray  intensity,  its  photon 
energy  and  angle  of  incidence  are  shown  to  be  fit  very 
satisfactorily  in  the  100-10,000  eV  region  by  the  semi- 
empirical  mathematical  model  relations  which  have  been 
derived  in  Part  I  of  this  work. 
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PHOTON  COUNTING  EFFICIENCY  WITH  HIGH  AND  LOW  DENSITY 
Csl  PHOTOCATHODES  IN  THE  100-10,000  eV  REGION* 


B.  L.  Henke,  K.  S.  Tan  and  P.  Y.  Maeda 

Department  of  Physics  and  Astronomy 
University  of  Hawaii 
Honolulu.,  Hawaii  96822 


ABSTRACT 

The  low  density  Csl  photocathodes  have  been  optimized  to  yield 
relatively  durable,  stable  and  efficient  systems  for  photon  counting  in  the 
100-10,000  eV  x-ray  region.  Large  area  transmission  photocathodes  have 
been  constructed  which  may  be  coupled  to  microchannel  plate  amplifiers  for 
position-sensitive  detection.  The  high  density  Csl  is  obtained  by  high 
vacuum  evaporation.  The  low  density,  "fluffy"  Csl  is  obtained  by  evapora¬ 
tion  in  15-20  Torr  of  argon  or  nitrogen.  For  the  low  density  Csl  photo¬ 
cathodes,  the  photon  counting  efficiency  is  SOt  at  100  eV  and  20%  at 
6000  eV,  and  two  to  ten  times  higher  than  the  efficiencies  obtained  with 
the  high  density  Csl  in  the  100-10,000  eV  region.  The  energy  distributions 
of  the  photoemitted  secondary  electrons  have  been  measured  to  be  similar 
for  the  high  and  low  density  photocathodes  and  with  about  two  eV  full- 
width-at-half-maximum.  The  high  efficiencies  and  relatively  narrow  emitted 
electron  energy  distributions  have  made  the  Csl  transmission  photocathodes 
particularly  useful  in  x-ray  streak  camera  applications.  The  electron 
generation  statistics,  such  as  the  average  number  of  electrons  that  are 
emitted  per  photon,  have  been  determined  by  comparing  the  photon  counting 
efficiencies  to  the  corresponding  absolute  quantum  yield  values.  For 
example,  at  1254  eV,  about  11  electrons  per  incident  photon  are  emitted 
from  a  2000  A,  high  density  Csl  transmission  photocathode. 


^This  program  is  supported  by  the  Air  Force  Office  of  Scientific  Research 
under  Grant  No.  84-0001,  and,  in  part,  by  a  supplemental  contract  from  the 
Department  of  Energy,  No.  0E-AS08-8iDP40153. 
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X-Ray  Diagnostics  of  Laser  Plasmas  with  a 
Calibrated  Elliptical  Analyzer  Spectrograph* 


Tina  J.  Tanaka 
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ABSTRACT 

An  elliptical  analyzer  spectrograph  was  calibrated  and  applied  to  a 
laser  produced  plasma  for  the  measurement  of  x-ray  spectra  from  100-2000 
eV.  Advantages  of  this  particular  spectrograph  geometry  include  the  focuss¬ 
ing  provided  by  the  elliptical  analyzer.  A  scatter  aperture  placed  at  a  focal 
point  of  the  ellipse  serves  to  pass  the  reflected  x-rays  while  blocking  stray 
radiation.  Another  feature  is  normal  incidence  of  the  x-rays  to  the  detector 
surface.  Each  component  of  the  spectrograph  was  calibrated  separately  at 
characteristic  line  energies.  These  components  include  Langmuir-Blodgett 
multilayers  and  a  potassium  acid  phthalate  crystal  bent  into  elliptical  forms, 
flat  fused  quartz  grazing  incidence  mirrors,  thin  film  filters,  and  Kodak  2497 
film.  Each  of  these  components  except  for  the  film  were  modeled  using 
scattering  factor  tables  by  Henke  et  al.  to  estimate  efficiencies  for  energies 
between  calibration  lines.  Several  models  for  calculation  of  Bragg  reflection 
are  presented  for  use  with  sputtered /evaporated  multilayers  which  may  be 
used  in  future  spectrographs.  The  photograp.hic  sensitivity  data  was  based 
on  smooth  curves  fit  through  the  calibration  line  data  between  the  absorp¬ 
tion  edges.  A  Nd  glass  laser  was  used  to  produce  plasmas  from  planar  tar¬ 
gets  of  aluminum,  gold,  teflon,  boron  carbide  and  nickel.  The  average  laser 
intensity  was  4.5  ±  0.5  x  lO^^atts/cm^  in  a  pulse  length  of  6.5ns.  Other 
instruments  used  in  the  experiment  included  an  x-ray  photodiode  array,  a 
Si-PIN  diode  array,  pinhole  cameras,  a  de-Broglie  KAP  crystal  spectrograph 
and  a  Thompson  parabola  ion  analyzer.  Absolute  yields  measured  by  the 
photodiode  arrays  were  unfolded  and  compared  to  the  results  obtained  with 
the  elliptical  analyzer  over  similar  energy  ranges.  For  energies  about  300  eV, 
the  integrated  absolute  yields  were  within  a  factor  of  5  of  each  other  while 
below  300  eV,  the  integrated  yields  were  a  factor  of  1000  different.  Line 
intensities  of  hydrogen  like  and  hclium-like  ions  were  used  to  calculate 
the  tenperatures  of  the  B:,C,  teflon  and  aluminum  plasmas.  These  were 
calculated  from  local  thermodynamic  equilibrium  and  coronal  models.  For 
the  aluminum  plasma  a  temperature  of  775  ±  50  eV  was  measured  using  the 
coronal  model,  while  using  t.he  continuum  slope  from  the  photodiode  arrays 
yielded  temfjeratures  of  400  ±  100  eV  and  1000  ±  100  eV.  These  two 
temperatures  were  obtairied  over  different  photon  energy  ranges.  Electron 
densities  which  were  calculated  using  a  coronal  model  v;ere  found  to  be 
(5.5  ±  0.6)  X  10’ '’electrons /cm ^  for  the  aluminum  plasma. 

A  dissertation  submitted  to  the  graduate  division  of  the  University  of  Hawaii 
in  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of  Philisophy 
in  Physics,  May  1983. 


^  TWO-CHANNEL.  ELLIPTICAL  ANALYZER  SPEaROGRAPH 
"for  absolute.  TIME-RESOLVING/TIME-INTEGRATING 
SPECTROMETRY  OF  I^  PLASMAS  IN.  THE 
100-10.000  eV  REGION* 


B.  L.  Henke  and  P.  A.  Joanlmagl 

Department  of  Physics  and  Astronomy 
University  of  Howali 
Honolulu.  Hawaii  96822 


A  new  spectrograph  system  has  been  recently  developed 
and  calibrated  for  absolute  spectrometry  of  ICF  plasmas  in 
the  100-10.000  eV  region.  This  spectral  region  Is  analyzed 
with  fixed  elllptically  curved  crystals  of  LIF.  PET  ond  RAP. 
and  with  molecular  multilayers  of  2d-values  In  the  70-160  A 
range.  Twin  channels  are  utilized  for  simultaneous  time- 
integrating  photographic  recording  and  for  tlme-resolvIng. 
x-ray  streak  camera  recording.  Absolute  calibrations  of 
the  elliptical  analyzers,  of  the  photographic  film  and  of  • 
gold  and  low  and  high  density  Csl  transmission  photocathodes 
have  been  made  using  monoenergetlc.  DC  loboratory  x-roy 
sources.  The  Instrument  has  been  designed  for  mounting 
upon  a  4-lnch  port  of  a  two-meter  diameter  source  chamber 
'end  Includes  an  appendage,  hlgh-vocuum.  sputter-ion  pumping 
system.  The  final  testing  and  application  of  this  new 
spectrograph  will  be  on  the  University  of  Rochester's  LLE 
24-beam  Omega  source. 


•This  program  on  Low-Energy  X-Roy  Physics  and  Technology  is 
supported  by  AFOSR  Grant  79-0027  and  by  DOE/NLUF  Contract 
No.  DE-AS08-82DP40175. 


30Q-CHANNEL,  LARGE  APERTURE  PICOSECOND 
X-RAY  STREAK  CAMERA* 

P.  A.  Jaanimagi  and  B.  L.  Henke 

Department  of  Physics  and  Astronomy 
University  of  Hawaii 
Honolu lu>  Hawaii  96822 


V/e  report  on  the  design  of  a  picosecond  x-ray  streak 
camera  for  laser  plasma  interaction  studies  in  the  100  eV 
to  10  keV  spectral  range.  The  camera  incorporates  a  1  mm 
by  40  mm  input  slit  and  demagnified  electron  imaging,  and 
can  resolve  300  spatial  resolution  elements  with  d  10  ps 
time  resolution.  A  numerical  electron  optics  ray  trace 
code  has  enabled  optimization  of  the  electrode  geometry. 
Comparisons  of  Au,  Csl  and  low  density  Csl  for  x-ray 
photocathode  materials  are  also  reported. 

•This'  research  is  supported  by  DOE/NLUF  Contract  No. 
DE-AS08-82DP40175  and  by  AFOSR  Grant  79-0027. 

Presented  at  the  25th  Annual  Meeting  of  the  Division  of 
Plasma  Physics,  American  Physical  Society,  Los  Angeles, 
Session  5U,  November  9,  1983. 


NOTES  ON  THE  MODIFICATIONS  ^ND  USAGE  OF  THE 
SLAC-UH  ELECTRON  TRAJECTORY  PROGRAM,  LENS 
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ABSTRACT 

This  report  is  to  be  used  with  SLAC  Report  No. 

166  (September  1973),  and  additional  notes  by  J.  P. 
Knauer  on  the  use  of  the  LENS  program  at  the  University 
of  Hawaii.  The  modifications  to  the  LENS  program  can 
be  categorized  under  three  sections  and  are  discussed. 
1)  In  the  spirit  of  saving  computational  time  and 
space,  sections  of  the  FORTRAN  source  code  were  redone 
or  "cleaned  up."  A  few  examples  are  given.  2)  The 
quantitative  accuracy  of  the  program  was  questioned  as 
problems  were  encountered  with  energy  conservation  for 
even  simple  electron  trajectories  through  "smooth" 
electrostatic  gradients  and  fields.  3)  Some  variables 
were  added  to  allow  more  user  control  in  the  program's 
operation. 
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A  NEW,  HIGH  SENSITIVITY, 
LOW-ENERGY  X-RAY  SPECTROGRAPH IC  FACILITY 


B.L.  Honke 


Department  of  Physics  and  Astronomy 
University  of  Hawaii 
Honolulu,  Hawaii  96822 


This  report  describes  a  "state  of  the  art"  focussing 
spectrograph  with  position  sensitive  detection  for  the  low- 
energy  x-ray  region  (100-1000  eV).  It  utilizes  curved 
"crystal"  analyzers  as  the  molecular  multilayers  which  have 
been  developed  in  this  laboratory  and  the  new  sputtered/ 
evaporated  multilayer  analyzers  which  are  now  being  evalua¬ 
ted  by  this  project.  The  2d  spacings  of  these  multilayers 
analyzers  range  from  30  to  160  A.  A  major  effort  of  this 
long-standing  program  has  been  the  development  of  precise 
and  efficient  spectroscopy  for  the  low-energy  x-ray  region. 
This  new  focussing  system  will  complement  well  the  scanning 
flat  crystal  spectrometry  and  the  fixed,  elliptically  curved 
crystal  spectrometry  that  have  been  established  under  this 
program.  The  two  established  spectrographs  have  been 
developed  for  the  absolute,  low-energy  measurements — the 
focussing  system  is  aligned  for  studies  for  which  maximum 
spectroscopic  sensitivity  is  required  (e.g.,  time  resorved 
spectroscopic  analyses  of  radiation  damage). 


*  • 
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The  general  characteristics  are  compared  for  the  plane,  convex,  and  concave  fixed  crystal 
analyzers  which  may  be  applied  to  the  spectrometry  of  concentrated,  intense  plasma  sources  of  x 
radiation  involved,  for  example,  in  fusion  energy  and  x^ray  laser  research.  The  unique  advantages 
of  the  elliptical  analyzer  for  precise  and  absolute  spectral  measurements  arc  noted  and  detailed 
descriptions  of  its  geometrical  and  physical  optics  are  presented.  With  a  source  point  at  one  of  the 
foci  of  the  elliptical  analyzer  profile,  the  spectrum  is  Bragg  reflected  (45*  <2d  <  135*)  at  normal 
incidence  upon  a  detection  circle  with  its  center  at  the  second  focal  point,  at  which  an  effective 
scatter  aperture  and  filter  window  is  located.  A  primary  monochromator  consisting  of  a 
cylindrical,  grazing-incidence  mirror  is  placed  between  the  source  and  the  analyzer  to  provide  an 
efficient  cutoff  for  high-order  diffracted  background  radiation  and  to  focus  the  divergent  rays  so 
as  to  obtain  an  adjustable  spectral  line  length  at  the  detection  circle.  Photographic  film  may  be 
transported  along  the  detection  circle.  Linear  position-sensitive  electronic  detection  arrays  or  a 
streak  camera  slit  window  may  be  placed  along  a  chord  of  the  detection  circle.  Calibration 
procedures  for  absolute  line  and  continuum  intensity  measurement  are  described  and  examples  of 
calibrating  spectra  are  presented  as  measured  with  elliptical  analyzers  of  LiF,  PET,  KAP,  and 
molecular  multilayers  for  the  80-8000-eV  photon  energy  region.  The  instrumental  effects  that 
contribute  to  the  spectral  line  shape  as  measured  by  the  elliptical  analyzer  spectrograph  are 
defined  and  a  simple  line-shape  analysis  procedure  is  presented  for  the  determination  of  the  line¬ 
broadening  contributions  of  the  source.  The  effects  of  an  ofF-axis  positioning  of  a  source  point  and 
of  an  extended  source  are  analyzed  and  the  application  of  the  elliptical  analyzer  spectrograph  for 
one-  and  two-dimensional  imaging  or  an  extended  source  at  a  given  photon  energy  is  discussed. 

Finally,  methods  and  materials  for  the  construction  of  the  elliptical  analyzers  are  described. 

PACS  numbers;  52.25.Ps,  52.70.Kz,  07.85  -f  n 

INTRODUCTION  axis  source  points  relative  to  alignment  procedures  for  point 

Through  the  last  decade  very  intense  and  concentrated  two-dimensional  imaging  for  ex- 

pulsed  sources  of  x  radiation  have  been  developed.  Notable  Appends  A  methods  for  constructing  the 

among  these  have  been  the  l.iser- produced  plasma  sources.  «»'P«^tiIly  curved  analyzers  are  discussed.  Ih  Appendix  B  a 
In  addition,  improved  versions  of  the  discharge-type  sources  FORTRAN  program  is  presented  for  resolution  enhancement 
havebecomeavailable,  e.g.,  the  Z-pinch,  exploding  wire,  and  ***  me  s  apeanaysis. 
imploding  linear  sources.  These  are  being  applied  in  high- 

temperature  plasma  physics  research  generally,  in  the  spec-  |.  THE  FIXED  CRYSTAL  ANALYZERS 
•troscopy  of  highly  ionized  atomic  species,  in  fusion  energy 

and  x-ray  laser  research,  and  in  the  development  of  .vray  spectrum  that  is  projected  by  the  fixed  crystal  ana- 

microscopy  and  lithography.  may  be  characterized  geometrically  by  three  basic  pa- 

For  the  characteri.mtion  and  application  of  ihe<^e  new  rameters:  ( 1)  the  angle  y  of  a  ray  from  a  ^int  source  that  is 
sources  there  has  ar.sen  ,in  important  need  for  precise  and  rctlccied  by  a  differential  section  of  the  diffracting  analyzer; 
absolute  pulsed  .x-ray  source  sfjcctrometry  for  bcih  (ar<teand  associated  Bragg  angle  0  made  at  the  point  of  inci- 

narrow  sp.;ctr.il  range  measurement  '  ’  To  meet  thi.-v  need,  a  dence  upon  the  analyzer,  and  |3)  the  angle  /?  which  is  mea- 
fixed  elliptical  analy/ei  spetlrogi  aph  has  been  developed  to-  ,‘'rom  a  line  through  the  crossover  point  of  the  differen- 

the  lOO-lO  (XX)-eV  photon  energy  region.  Described  here  are  F>tmd!c  of  rays  as  defined  by  the  small  variations  and 

its  basic  characleri.st\c‘.  and  design,  its  calibration,  and  iis  rel.ationship  between  the  variables  y,  d,  and  fi  is 

application.  illustrated  in  Fig.  I  and  given  by 

In  Sec.  I  a  coiiipanson  is  prc.senicd  of  pulsed  source  \  —  20  -  0, 

spectroscopy  with  plane,  convc.v,  and  concave  ellipiicali  from  winch 
fixed  analyzers.  In  See.  II  the  gconietneal  optics  for  eilipricai 

analyzer  spectroscopy  is  presented.  In  Sec.  Ill  the  dctermin-  a\'dl)  —  2  —  dP  /dO.  (1) 

ation,  theoretic.ally  and  experimentally,  of  ;he  transmission  The  angle is  iiitendcd  here  to  measure  effectively  a  position 
characten;;tics  of  the  elliptical  analyzer  spectrograph  is  do-  in  the  spectrum  in  the  detection  space.  Becau.se  often  one  can 
scribed.  Spectral  line-shape  functions  are  presented  in  Sec,  choose  a  fixed  crystal  geometry  for  which  the  crossover  posi- 
IV,  And,  finally,  discussed  in  Sec.  V,  are  the  effects  of  off-  tionsarcihesamc(ornearly  so)  for  a  relatively  large  spectral 
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Fiii  1 .  Defining  the  basic  geometrical  parameters  for  fixed  crystal  analyzer 
spectroscopy ;  the  angle  of  the  radiation  from  the  vjurce  point  in  the  plane 
of  dispersion;  and  ff,  the  angle  of  the  Bragg  reflected  ray  as  measured  from  a 
line  tliiough  the  crossover  (real  or  virtual!. 

range,  a  spectrum  may  then  be  established  along  a  circular 
arc  for  normal-incidence  detection  with  this  crossover  posi¬ 
tion  as  its  center. 

U.sing  these  variables,  the  general  expressions  that  re¬ 
late  the  measured  spectral  intensities  to  the  spectral  charac¬ 
teristics  of  the  source  may  be  readily  established  for  a  point 
source  geometry.  The  reflection  efficiency  of  the  Bragg  ana¬ 
lyzer  is  defined  by  its  reflectivity  curve  /  (d  0 )  and  by  the  area 
under  this  reflectivity  curve,  the  integrated  reflectivity  X. 
./(Jd )  is  the  fraction  of  the  incident  intensity  that  is  reflected 
at  a  position  from  the  Bragg  diffraction  peak  position  0„ 
for  a  given  photon  energy  £  (40  =  5  — 

In  order  to  predict  the  number  of  photons  per  unit  area- 
second  at  the  detector,  we  need  two  length  parameters,  viz., 
L,  the  distance  from  the  point  source  to  the  differential  re¬ 
flecting  region  at  the  analyzer  added  to  that  from  the  analyz¬ 
er  to  the  detection  position,  and  r,  the  radial  distance  from 
the  crossover  position  to  the  detection  point. 

Finally  we  shall  assume  here  that  the  analyzer  is  of 
some  small  extension  normal  to  the  plane  of  Fig.  I  with  its 
cross  section  invariant  in  all  planes  parallel  to  that  of  Fig.  I 
(cylindrically  curved).  We  may  therefore  effectively  use  an 
angle  ip  .subtended  by  this  horizontal  extension  of  the  dif¬ 
fracting  region  as  measured  from  the  point  source  to  define 
the  differential  solid  angle  from  the  source  of  the  diffracted 
beam  as  ip  And  the  length  of  the  spectral  “line”  in  the 
dctcclion  space  is  then  essentially  Lib. 

I'or  a  point  source  of  sharply  defined  photon  energy  £ 
ar.t)  orinten.siiy  i„phoit}ris/sicrailian-seconi!,  the  number  of 
photo:i.s/scc,  dN,  diffracted  at  the  Bragg  angle  0  within  a 
diftcrential  dd  is  simply  given  as 

i!i\  =  ioMx/dO  ]dOI  {0  -  0„). 

And  the  total  number  of  photons  per  second  that  is  reflected 
witbiii  the  measured  spectral  line  becomes 

A'  ■=  i„ip  j*  {dx/d0 1/ id  —  Qn\d(i 

=  rdV/dd )/?.  (2) 

•whc.ii;  the  integrated  reflccti'ily  /’  i.  cejnated  to 
J"  ,  l(O~0„]dO.  .\nd  for  ji  continvium  somee.  slowly 
vai  ying  with  photon  energy,  of  intensity  at  photon  energy  E 


equal  to  5^  photons/steradian-second-eV,  the  photons  per 
unit  area-second  measured  for  the  continuum  spectrum  at 
the  detector  may  be  given  by 

Here  we  have  equated  the  differential  area  dA  of  the  diffract¬ 
ed  beam  at  the  detector  to  (Liir  dP ).  Because  the  reflectivity 
function  I[0  —  Bq)  has  effectively  a  nonzero  value  only  when 
{0  —  do)  is  near  zero  values,  we  have  considered  the  quanti¬ 
ties  d\'/dP,  dp  /dd,  and  dE  /dd  to  be  essentially  constants 


FIXED  Plane  analyzer 


FOR  BRXOG  AMClES  -  S0*tZJ*  M  AOTtZA* 

FIXED  CYLINDRICAL  ICONVEX)  ANALYZER 


FIXED  ELLIPTICAL  ANALYZER 


l’K»-  2.  CompafiHj?.  lor  ihe  pla’iL*,  convc.\.  aiij  cllinncjl  li'Csi  aiiatyzcrs.  the 
rcflccicd  ra>  s^sicms  for  angies  0  ix»  ^0*^2  5"  u;h1  for 

2.5*.  Plustrahrif  ('le  ^  triu.il  or  real  cross'Ht»»'  ps>smon«‘  which  may  he 
upplit'J  cenkT.s  |\>:  iv'rn’.a'-tri:iijence  dclfLlitvi  cT^le^.  The  '•ourcc-to- 
anaK  /:cr  a:  45'  Dr,.-: »  arc  iha  MP'e  (o'  ihe  (hfc?  anal\  /ers 

*1  he  raUn  *>l  cur\aiurc  for  iric  j  and  tin*  eU.pMcat  ;nutyzc^^  {•'r  (he  45‘ 
rcflccuon  arc  sci  lohe  Lquai  f  iLie  ihecun.putea  ray  ■  races  arc  i'or.i  rciainc 
ly  sni.ili  workHS}.'  tlisUnce  to  liic  H»iirce. 


ni? 


Rev.  Sci.  Instrum..  Vol.  $4,  No.  10,  October  1983 


Pulsed  plasma  source  spectrometry 


1312 


FOR  BRAGG  ANGLES  -  30*+  2.5*  and  60**  2  5* 


FIXED  ELLIPTICAL  ANALYZER 


FOR  BRAGG  ANGLES  *  30*±2.5*  and  GO'tZ.V 


Fill.  3.  Con-.pan«noflhcrertfct«i  ra>  system  fortheonvi  xandthcellipl.- 
cal  fixed  ana'.yiers  ax  dcscnbed  in  Fig.  2,  and  for  a  relaciveis  large  vkOfk:rg 
disiance  lo  ihe  source.  | The  plane  aiialy/cr  has  a  severely  hmiieu  epe-.iral 
range  for  large  source  distances. I  lllusiraied  here  isiliat  the  er.sssover  center 
position  IS  not  tixed  for  the  convex  analyzei  as  it  is  for  the  el’iptical  anal.,  rcr 


and  to  be  taken  outside  the  integral  as  their  values  at  0„.  the 
Bragg  angle  for  the  given  photon  energy. 

The  curvature  of  the  fixed  analyzer  determines  the 
'.magnitude  of  the  basic  parameter,  d\;/d0,  and,  by  Eq.  (l!, 
that  ofrf/?  /dd.  In  Figs.  2  and  3  are  presented  computer-plot¬ 
ted  ray  traces  for  Bragg  reflections  at  30"  and  60°  i  ±  2.5°)  for 
fixed  antilyzers  of  three  types:  |1)  plane;  |2)  conve.x  Ictieular 
cylinder);  and  (31  concave  'elliptical  cyliiiderl.  And  in  Table  I 
are  listed  for  these  fixed  analyz-er  geometries  the  analytical 


expressions  for  d^/dd  and  for  dy/dp  which  determine  the 
tine  and  continuum  measured  intensities,  respectively,  ac¬ 
cording  to  Eqs.  |2)  and  (3). 

In  these  ray  traces,  the  values  for  r  and  L  have  been 
chosen  to  be  the  same  for  the  three  analyzers  at  the  45*  Bragg 
reflection.  Tlie  radius  of  curvature  for  the  elliptical  analyzer 
was  chosen  to  be  equal  to  that  of  the  convex  analyzer  for  this 
intermediate  45*  Bragg  angle.  Because  the  number  of  pho¬ 
tons  that  are  diffracted  by  the  analyzers  is  proportional  to 
J  T  for  a  given  Bragg  angular  w  idth  d  i9,  it  is  clearly  illustrat¬ 
ed  here  that  the  plane  analyzer  has  the  highest  angular  aper- 
turc.'-'*  It  is  also  immediately  evident,  however,  that  only  for 
relatively  small  source  distances,  not  very  different  from  the 
length  of  the  plane  analyzer,  can  an  appreciable  spectral 
range  be  reflected  with  the  plane  analyzer.  The  convex  and 
the  concave  analyzers  will  allow  a  large  spectral  range  to  be 
measured  with  crystals  of  practical  dimensions  and  for  large 
working  distances  to  the  source  las  illustrated  in  Fig.  3). 

An  important  advantage  of  the  plane  and  the  elliptical 
analyzets  is  that  their  crossover  points  are  fixed  for  ail  Bragg 
reflections,  thus  allowing  a  normal-incidence  detection  circle 
to  be  established  with  positions  in  the  measured  spectrum 
precisely  determined  by  the  angie^.  The  unique  advantage  of 
the  elliptical  analyzer  is  that  its  crossover  is  real  rather  than 
virtual  as  for  the  plane  or  the  convex  analyzer  as  established  at 
a  focal  point  for  the  given  elliptical  geometry.  With  the  ellip¬ 
tical  analyzer,  therefore,  an  effective  scatter  aperture  can  be 
located  at  this  crossover  position.  This  can  be  of  considerable 
iniponance  because  then  only  the  small  diffracting  region  of 
the  .inalyzer  can  be  ““seen”  at  the  associated  point  on  the 
detection  circle,  thus  essentially  eliminating  the  effect  of  the 
diffuse  and/or  fluorescent  background  radiation  from  the 
tolai  illuminated  surface  of  the  analyzer. 

Another  general  characteristic  of  fixed  analyzer  geome¬ 
tries  is  that  a  crossover  point  can  be  developed  by  allowing 
the  analyzer  (rather  than  to  be  cylindrically  curved  as  de- 
scrii'ied  abovel  to  have  a  second  curvature  as  generated  by 
rot.ating  the  analyzer  section  fas  presented  in  Fig.  1)  abotit  an 
axis  that  passes  through  the  source  point  and  in  the  plane  of 
Fig.  1.  For  example,  ifthisa.xis  is  chosen  as  that  which  passes 
through  the  source  and  the  detection  point,  all  of  the  pho¬ 
tons  that  were  diffracted  into  a  ‘“line”  region  (as  desenbed 
above  to  be  of  dimensions  Z- dr  dP )  will  now  be  concentrated 
into  a  "point“’  crossover  re;^:ion  of  dimensions  rdp.  If  the 
detector  system  can  integrate  the  photon  flux  not  along  a 
spectra!  line  region  but  only  at  a  point  (.as  within  the  slit 
window  ofa  streak  camera!,  this  type  of  focusing  could  result 


Tabi  k  I.  Comparison  of  phoiumetnc  parameters. 


Anaiy/ff 

'  idx/UP ) 

Geometrv 

Plane 

Uniiy 

U»ii> 

Uniiy 

Sj>ectr.il  ranijc 

CofIVCA 

miiptical 
ih  /H\<\ 

(a/f)sin  0 

2 

2 

Ua/3)sin  0 

/R,^]/2  sin’  f) 

hmilcd 

d — cyfinJcr  raJius 
s — s<>urce-io- 

cylinder  aws 
h,  /?,.  .IS  defined 
in  Eqs.  (4)  and  i3) 
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FlCi  4  Schematic  of  an  elliptical  analyzer  spectrograph  system.  The  source 
point  IS  at  one  of  the  foci  of  the  elliptical  profile  and  the  center  of  a  normal- 
incidence  detection  circle  is  at  the  second  focal  point  and  is  located  within 
an  elfective  scatter  aperture.  A  filler  may  be  placed  over  the  scatter  aperture 
to  effect  a  transmission  band  and  low-energy  cutoff'.  A  cylindrical,  grazing- 
incidence  mirror  is  used  to  establish  a  high-energy  cutoff  of  high-order  dif¬ 
fracted  background  radiation,  and  may  be  applied  to  focus  the  divergent 
beam  from  the  source  so  as  to  adjust  the  length  of  the  spectral  line  at  the 
detector.  Photographic  film  may  be  transported  along  the  detection  circle;  a 
linear,  position-sensitive  electronic  detection  array  or  a  streak  camera  slit 
may  be  located  along  a  chord  to  the  detection  circle.  For  the  linear  detec¬ 
tors,  the  mirror  may  be  focused  to  infinity,  thereby  placing  a  iinitbcm,  con¬ 
stant-length  spectral  line  along  a  chord  to  the  detection  circle. 


in  a  considerable  gain  in  spectrographic  efficiency  or  speed 
Tt  should  be  noted,  however,  that  this  second  crossover  point 
can  be  precisely  generated  only  at  the  two  intersection  posi¬ 
tions,  along  a  normal-incidence  detection  circle.  This  focal 
region  can  be  somewhat  extended  when  the  axis  of  rotation 
of  the  analyzer  surface  passes  tangentially  to  the  detection 
circle,  and  therefore  only  for  a  rclatis  ely  small  region  of  the 
spectrum.  For  e.xample,  a  very  large  aperture  spectroscopy 
can  be  obtained  for  a  small  spectral  range  and  at  nun-normal 
incidence  on  a  linear  detection  region  by  using  the  Hamor, 
geometry.'^'*’  This  is  done  by  rotating  the  section  for  a  plane 
analyzer  shown  in  Fig.  2,  about  a  horizontal  line  through  the 
source  which  becomes  the  axis  of  a  cylindrical  section  ana¬ 
lyze,-  and  the  linear  locus  of  focal  crossover  points  corre¬ 
sponding  to  different  Bragg  angles.  In  the  next  section  a  sim¬ 
ple  method  is  described  for  achieving  point  focusing  along 
the  entire  detection  circle  with  the  elliptical  analyzer  of  sin¬ 
gle  curvature. 


II.  THE  GEOMETRICAL  OPTICS  OF  THE  ELLIPTICAL 
ANALYZER  SYSTEM 

For  pulsed  source  spectrometry  which  can  be  simply 
and  precisely  calibrated,  the  elliptically  curved  fixed  analyz¬ 
er  system  has  several  important  and  unique  advantages.  As 
noted  above,  a  real  crossover  point  is  established  at  one  of  the 
foci  of  the  elliptical  arc  which  becomes  ( 1 )  a  fixed  center  for  a 
normal-incidence  detection  circle  and  (2)  a  position  for  an 
effective  scatter  aperture.  In  addition.  (3/  the  magnitude  of 
the  parameters  £  and  r  [as  defined  above  and  for  Eq.  (3)]  are 
essentially  constant  for  this  analyzer,  and  (4)  because  of  the 
invariance  of  L,  a  cylindrical  total-reflection  mirror  may  be 
utilized,  as  shown  in  Fig.  4.  to  provide  not  only  a  very  effec¬ 
tive  cutoff  for  high-order  diffracted  background  radiation, 
but  also  to  focus  the  spectrum  at  a  second  crossover  for  all 
positions  along  the  detection  circle. 

For  a  precise  and  absolute  calibration  of  the  elliptical 
analyzer  spectrographic  system,  characteristic  x-ray  lines 
from  a  laboratory  point  or  line  x-ray  source  may  be  used  with 
a  slit-window  proportional  counter  scanned  along  a  goni¬ 
ometer  circle  (inside  a  vacuum  calibration  chainber)  that  is 
coincident  with  this  detection  circle.  For  pulsed-source  spec¬ 
trometry,  photographic  film  may  be  mounted  along  the  de¬ 
tection  circle.  Alternatively,  active,  linear  position-sensitive 
electronic  detector  arrays  or  a  streak  camera  slit  window 
may  be  located  tangentially  to  the  detection  circle. 

Specific  examples  of  crystal  and  multilayer  elliptical 
analyzers  which  have  been  successfully  applied  in  this  labo¬ 
ratory  for  the  80-S000-eV region  are  presented  in  Table  II. 

We  summarize  here  the  geometrical  relations  for  the 
elliptical  analyzer  which  will  allow  the  determination  of  the 
absolute  transmission  functions  as  may  be  defined  by  Eqs.  i2) 
and  (3).  The  elliptical  arc  of  the  analyzer  may  be  described  by 
the  radial  distance^  from  the  focal  point  (at  the  scatter  aper¬ 
ture)  to  the  analyzer  as  measured  back  along  the  exit  ray 
defined  by  tlie  angled  (see  Fig.  4),  and  given  by 

p  =  h /{I  —  €  cosP).  (4) 

Here  h  is  chosen  as  a  characteristic  size  parameter  of  the 
elliptical  analyzer  and  is  the  distance  p  to  the  analyzer  for 
P  —  90*.  The  parameter  e  is  the  eccentricity  of  the  c'lipse  and 
may  be  given  by 

f  =  /TTP:' ^^,7  -  A  (5) 


'r*HI  1. 11.  Spectral  ranges  for  seiccicd  clliptifal  analyzers 
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FiC.  5.  Wavelength  dispersion  along  the  detection  circle. 

where  /?„  is  the  working  distance  to  the  point  source  equal  to 
the  distance  between  the  foci  for  the  given  ellipse. 

We  may  relate  the  Bragg  angle  0  for  the  reflection  at  the 
analyzer  to  the  spectrum  angle  p  for  this  elliptical  geometry, 
obtaining 

V  6s.n/7  ) 

(Note:  For  very  large  /i„  and  thus  for  nearly  parallel,  axial 
radiation  into  the  analyzer,  f  —  1  and  the  arc  becomes  para¬ 
bolic  Then  Eq.  16!  yields  ^  =  /S/2.J 

Neglecting  here  the  small  crystal  refraction  elfcct-i  (see 
Sec  IV),  the  angle  t)„  is  given  through  the  Bragg  equation  in 
terms  of  the  wavelength  /.  and  the  photon  enerity  E  bv 

mA.  =  2^  sin  <#„  -  .nific/E  i,  (7| 

where  d  is  the  spacing  of  the  dilTracting  planes,  m  is  the 
di fraction  .irder  numher.  .md  h  and  c  ate  Planck's  constant 
and  the  selocity  of  I'ght.  re.peciivcty  \hc  -  12  >98  <V-A:. 
Using  Eqs  ih'  and  '7  ,  the  wasele’iiitih  .ind  ph«  ton  energy 
positions  as  tunetions  olTf  along  (he  dcieetion  circle  ma.  be- 
obtained.  These  dispersion  relations  are  plotted  iti  fiji!,  5 
and  6  Here  we  have  anticipaied  that  an  optimum  working 
range  for  the  spectrum  angle  P  is  4<'  to  I  c  g  .  to  ma.xi- 
mize  dispersion  and  to  miniiTiize  baeisground  by  asi'idtiig 
the  smaller  angles,  and  to  satisfy  tvpi.al  spectrograj-hic  me¬ 
chanical  constraints  for  larger  angle  Jiffrjetn.tis,  It  is  also 
straightforward  to  present  the  dispcision  relalions  for  liiit.ir 
detection  array  s  along  a  chord  of  ih<-  deieciion  eitcie  .As  an 
example,  these  are  plotted  in  Figs  md  S  f  r  a  o'le.ir  deii-i  - 
tion  array  or  streak  camera  .vinilow  whirh  cinfu  ...  es  the  cii- 


f-H.  h  f  ihApffsiDn  JltiMH  thr  JelrtlmH  <  Uk)c 


FiCi  Wavelength  dispersion  for  a  linear  director  which  embraces  (he  full 
spectral  range  along  a  chord  to  the  detection  circle. 


tire  spectral  range  of  P  =  45*  to  1 35*. 
DifTcrentiaiing  Eq.  (6),  we  obtain 

dP  _  -r  1  ~  2c  cos  P 
dd  cic  — cos^) 

Wuh  Eq.  ( 1).  we  obtain 
d\  _  —  1 

dd  c(c  —  cos  P ) 

and 

dx  d0  _  dx  _  c^  -  1 _ 

~^~dP~  'dP~  r  +  1  -lecosP' 


Plots  of  dp /dO  and  dx/dO  arc  presented  in  Figs.  9  and  10, 
re'ptctively. 

The  pathlength  for  all  rays  from  the  source  point  as 
rcilccteci  to  the  focal  point  (exit  aperture)  is  characteristically 
a  Lonsiant  for  the  elliptical  reflector  and  equal  to 
■  h  -R.,  -r  6  We  may.  therefore,  write  for  the  size  param- 
etci  /.  for  the  tola)  paiMength  to  the  detection  circle  [applied 
in  Eq  1 3)]: 

+  ^h  +  r,  (10) 

where  r  is  the  radius  of  the  detection  circle. 

Finally,  the  quantity  dE  /dO.  which  also  appears  in  the 
iruf.smission  relation  described  in  Eq.  (3),  may  be  obtained 
through  differentiating  I'q.  (7)  to  be 


of  _  _  E 
til*  tan  0 


(11) 


Fi,.  s  I  dispcrsinii  fill  a  linear  drii-clDi  which  embraces  the  full  spec¬ 
tral  rar.,;e  aluu^  a  clii'rd  iif  the  rlclrrction  circle. 
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FUl.  Phototnelric  par.->meter  d$  /dS  vs/3  for  elliptical  analyzers  of  eccen- 
tn  :ity  r. 


for  which  E  and  tan  d  can  be  readily  computed  as  a  function 
ofi&.using  Eqs.  16)  and  (7). 

The  high-energy  cutoff  characteristics  of  a  primary 
monochromator  with  a  mirror  and  transmission  filter  as 
combined  with  the  elliptical  analyzer  are  set  by  the  grazing 
angle  of  incidence,  at  the  mirror  (and  by  an  appropriately 
chosen  transmission  band  of  the  filter).  The  length  of  the 
Spectral  line  at  the  detection  circle,  as  suggested  earlier,  is 
.deic,Tr.incd  by  the  divergence  angle  d"  and  by  the  curvature 
of  the -mirror.  A  relatively  long  spectral  line  on  a  photo¬ 
graphic  film  may  be  of  advantage  becau.se  an  integration  can 
then  readily  be  accomplished  with  modem  scanning  micro- 
dcnsittimeters  over  a  larger  number  of  exposed  grains  with¬ 
out  saturation  at  higher  photographic  densities  in  film  detec¬ 
tion. -An  integration  along  a  relatively  long  spectral  line  may 
also  be  important  with  two-dimensional  position-sensitive 
electronic  arrays  in  reducing  the  electron  current  to  below 
saturation  values  required  per  channel  or  pi.xel.  To  accom¬ 
modate  a  one-dimensional  detection  slit,  as  for  a  streak  cam¬ 
era,  a  cylindrical  mirror  may  be  applied,  as  noted  above,  to 
place  image  points  of  a  point  source  along  the  detection  cir¬ 
cle  to  which  the  slit  would  be  tangent. 

For  the  fiat  mirror,  the  length  of  the  spectral  line  at  the 
detection  circle  is  Ltlt.  The  radius  of  the  mirror  that  is  re¬ 
quired  for  the  plot  imaging  of  the  source  at  the  detection 
circle  is- given  by 

— 2rc — (12) 

( p  -t-  qism  6  L  sin  ib 


where  p  and  q  arc  the  path  distances  from  the  mirror  center 
to  the  source  and  detection  circle,  respiectrveiy. 

For  a  shortened  spectral  line  of  length  pd'  with  parallel 
radiation  forming  the  .spectral  line  along  its  length  (at  the 
detection  circle),  we  let  ^  in  Eq.|  1 2),  and  obtain  for  the 
required  radius  of  the  mirror 

=2p/sin<#.  (13) 

III.  THE  TRANSMISSION  FUNCTIONS  FOR  THE 
ELLIPTICAL  ANALYZER  SPECTROGRAPH 

As  described  above,  the  elliptical  analyzer  can  be  di¬ 
rectly  calibrated  using  a  slit-window  proportional  counter 
measurement  along  a  goniometer  circle  that  is  coincident 
with  the  detection  circle  and  using  laboratory  line  sources.  If 
the  source  contains  an  isolated,  characteristic  emission  of  /'o 
photons/steradian-second,  it  may  be  measured  directly  on 
the  direct  beam  with  an  appropriate  filter  and  pulse-height 
wintlow  of  the  proportional  counter.  The  counter  is  then 
scanned  through  the  /^-angular  region  of  the  diffracted  line- 
in  order  to  integrate  for  the  total  number  of  photons,  N,  that 
are  diffracted  within  the  spectral  line  for  the  given  photon 
energy  E.  The  raXxoN thus  measured  at  different  source 
photon  energies,  may  be  defined  as  the  line  transmission 
function  T, . 

Using  the  parameters  that  characterize  the  individual 
elements  of  the  spectrographic  system  (the  filter,  the  mirror, 
and  the  crystal  or  multilayer  elliptical  analyzer),  it  is  of  con¬ 
siderable  value  to  predict,  by  calculation,  the  combined 
transmi.ssion  functions.  These  can  be  useful  (1)  for  optimiz¬ 
ing  the  design  of  a  particular  measurement  w’ithin  a  given 
spi-ctral  and  intensity  range,  (2)  for  estimating  the  rejection 
ratio  for  high-order  diffracted  background  radiation,  and  (3) 
to  “fit”  the  experimental  point  measurements  of  the  trans¬ 
mission  function.  Two  examples  are  presented  here  of  the 
calculation  of  a  transmission  function  for  measurements  in 
the  100-200-  and  550-1000-eV  spectral  channels. 

Using  Eq.  (2),  we  may  write  for  the  line  transmission 
function  A'/iotf  for  a  spectrographic  system 

=  FMR  [dx/d9).  (14) 

where,  at  a  particular  photon  energy  E,F{E)  is  the  fraction  of 
the  radiation  that  is  transmitted  by  a  filter,  M  [E )  is  the  frac¬ 
tion  of  the  incident  radiation  that  is  reflected  by  the  mirror, 
and  /?  (£ )  is  the  integrated  reflectivity  that  is  characteristic  of 
the  crystal  or  multilayer.  Methods  for  calculating  these  pa¬ 
rameters  have  been  reviewed  recently  in  Refs.  2,  7,  and  S. 

For  the  spectral  measurement  in  the  100-200-eV  chan¬ 
nel,  a  le.sd  lignocerate  multilayer  of  200  d  spacings  has  been 
chosen.  Its  reflection  characteristics  have  been  calculated 
and  given  in  Kef.  8  and  plotted  here  in  Fig.  11.  (This  molecu¬ 
lar  multilayer  has  a  high  and  monotonicaiiy  varying  reflec¬ 
tivity  in  this  spectral  range.!  In  Fig  12  are  plotted  the  trans- 
niissir.n  factors  F  for  appronnate  filter  thicknesses  of  carbon 
foils,  and  ,V/,  the  percent  reflectivity  for  a  gold  mirror  surface 
as  Set  I'o;  refieetio!)  ■vigk.-  around  lOO  mrad.  Also  plotted 
here  is  the  integrjted  ,<'ri..'ctivity  R  and  the  characteristic 
parameter  .')  /ik>  elliptical  analyzer.  The  particular 

filter,  mirrtir,  and  rr!u'mia>er  which  have  been  chosen  here 
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Fio.  !1.  Characterization  of  (he  molecu¬ 
lar  multt{a>er,  lead  lignocerate  of  JOO  d 
spacingsiZd  -  130  A).  /?.  the  integrated 
rertectivify;  the  percent  peak  rcrtcctiv- 
ity;  *l£,  the  energy  width  of  the  reflectiv¬ 
ity  curve:  and  E /J£.  the  resolving  pow¬ 
er.  These  have  been  determined  as 
described  in  Ref.  8. 


have  sharp  cutoffs  for  photon  energies  beyond  280  eV'  for 
effective  high-energy  background  rejection.  In  Fig.  13,  the 
combined  response  function,  as  given  in  Eq.  (14),  has  been 
plotted.  Finally,  in  Fig.  14,  a  rejection  ratio  for  second-order 
diffracted  background  radiation  is  plotted  as  defined  by  the 
ratio  iV  {E)/N  (2E  ]  for  the  total  number  of  photoas  diffracted 
at  first  order  to  that  at  second  order  as  measured  at  the  same 
value  otP  for  two  moncencrgetic  sources  of  equal  /'o  values 
and  of  plioton  energy  E  and  2E,  respectively.  These  ratios 
have  been  calculated  for  svstems  with  and  without  the  pri¬ 
mary  mirror  (gold  at  100  tnradl  in  order  to  indicate  the  ap¬ 
preciable  gain  in  background  rejection  resulting  from  the  use 
of  the  mirror  element. 

For  spectroscopy  in  approximately  the  500-1000-eV 
channel,  we  have  chosen  a  pota.ssium  acid  phthalate  crystal 
which  has  relatively  high  reflectivity  that  is  monotonically 
varying  above  about  550  eV  /above  theoxygen-K  edge  struc¬ 
ture).'*  Its  reflectivity  characteristics  have  been  calculated* 


and  are  plotted  here  in  Fig.  15.  .\n  aluminum  foil  filter  is 
used  which  has  a  transmission  band  for  this  spectral  region 
with  an  absorption  band  beginning  at  the  Al-K  edge  (1560 
eV).  A  30-mrad  reflection  from  an  aluminized  glass  mirror 
surface  will  have  a  high-energy  cutoff  also  at  about  this  ener¬ 
gy.*  ;The  oxide  film  on  the  aluminum  mirror  does  not  effec¬ 
tively  change  this  reflectivity  characteristic  in  this  spectral 
region.’  In  Fig.  16  have  been  plotted  the  transmission  factors 
fill  i.M  (£),and/I  (E  )atidthegeomctricalparanietcrdY/af6^. 
These  arc  combined,  by  Eq. !  14),  to  yield  the  spectrographic 
transmission  functio.n  ,V  'vhich  is  plotted  in  Fig.  17.  Tlw 
high -order  rejection  ratio  A’  iE  )/.V  (2E )  for  this  channel,  and 
as  defined  above,  has  been  plotted  in  Fig.  1&,  illustrating  the 
important  improvement  resulting  from  the  mirror  cutoff 
characteristic. 

A  transmission  function  can  similarly  be  obtained  for 
the  ratio  of  the  photons/microns^-second,  dN /dA.  as  mea¬ 
sured  at  the  detection  circle  to  the  photons/steradian-eV- 
second,  from  a  point  source  of  continuum  radiation.  By 


Fio  12  Spec  -ogrjphic  frartsmission  lacmr’i  fnr  iho  ligmxfriiic  channel. 
103-220  cV  F.  the  filter  tranMnisMon;  ,Vf.  ihc  mirror  reflectivKy,  R.  the 
cr>v(at  iinaiy/er  ifitc.TJtcJ  reflectivity  ctficicnc),  and  di’/JO.  fhc  speciro- 
gr^phic  aperture  r^tio 


Fic,  13  1‘rfKlucl  of  the  transinisMon  factors  of  Fig.  1 2,  sieldmg  the  overall 
sp«*ctr«»Krjph»c  response  for  llic  Ie:id  hgntxcrutc  channel  [i  e..  the  line  trans¬ 
mission  function  (Af  /rf’i.,),  as  given  in  F.q  i  Ki), 
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FKi.  14.  Fint-order  lo  second-order  response  ratio  as  calculated  for  the  lead 
lignocera'e  channel.  (This  is  the  ratio  of  the  line  transmission  functions.  .V/ 
tW,..  at  the  same  angle.  for  n.-st- and  second-order  diffraction  andfor  pho¬ 
ton  energies  £  and  IE,  respectively. Illlustrated  here  is  the  marked  improve¬ 
ment  of  this  rejection  ratio  effected  by  the  primary  mirror  monochromator. 


incorporating  the  factors  M and  /"with  Eq.  (3),  we  may  ob- 


d\/dA  ^  [dE /de][MF[dx/de]R  ] 

“  rL(dfi/dd) 

„5) 

\rL(dl3/de))\i,4-) 

for  which  .'V//j,0.  d0 /dO,  and  dE /dO  can  be  obtained  from 
Eq.s.  i  l-T).  (8),  and  (11).  respectively.  Here  we  have  given  the 
continuum  transmission  function  [dN  /dA  )/5uas  proportion¬ 
al  to  the  line  transmission  function  N  /i„tl/,  which,  as  dis¬ 
cussed  above,  can  be  directly  measured  using  laboratory 
..characteristic  line  sources. 

Examples  of  experimentally  measured  spectral  lines  for 
charucieristic  emissions  from  laboratory  sources  are  shown 
in  Figs.  19-23  using  five  elliptical  analyzers  that  have  been 
applied  in  this  laboratory  (crystals  of  LiF,  PET,  and  KAP, 
and  molecular  multilayers,  lead  laurate,  and  lead  melissate). 
Ar,  indicatcvi  in  Table  II.  these  can  be  applied  for  spectral 


analysis  in  the  80-80C)0-eV  region.  The  characteristic  lines 
that  are  shown  here  were  for  mid-range  positions  for  each 
channel  and,  for  each,  an  approximate  value  fur  the  line 
transmission  IV  /igtl’  is  given  [with  F  —  M  —  1  in  Eq.  ( 14)]. 

The  procedure  for  measuring  the  transmission  function 
N  /Tiff  [and,  therefore,  F\fR  [dx'/d9  )by  Eq.  ( 1 4)]  is  as  follows: 

In  a  vacuum  calibration  chamber,  with  a  slit-window 
flow  proportional  counter  translated  along  a  goniometer  cir¬ 
cle  that  is  coincident  with  the  detection  circle,  a  spectral  line 
(isolated  by  a  Alter  transmi.ssion  band)  is  scanned  at  an  angu¬ 
lar  rate  of  cOg  radians  per  second  in  the  0  2uiglc.  The  total 
number  of  counts  that  are  collected  while  scanning  over  the 
line  (or  principal  line  series)  is  collected  as  N,.  A  pulse- 
height  “window”  of  the  proportional  counter  is  chosen  to 
include  only  the  counts  for  the  characteristic  line  (or  narrow 
group  of  lines).  With  the  elliptical  analyzer  and  scatter-slit 
assembly  translated  out  of  the  direct  beam  and  the  counter  in 
the  position  for  0  =  0,  the  number  of  counts  per  second  on 
the  direct  beam  from  the  filtered  x-ray  line  source  (of  intensi¬ 
ty  /„)  is  measured  as  /, .  is  related  to  photons  per  steradian- 
second,  T,  of  the  source  by 


T  =  io^ 


t 

{Ro  -r  r)Q’ 


where  /  is  the  counter  slit  width  and  2?o  +  its  distance  to 
the  x-ray  tube  slit.  Q  is  the  photon  counting  efBciency  of  the 
counter. 

The  total  counts  per  second,  fV, ,  that  are  collected  as 
the  line  is  scanned  may  be  related  as  follows; 


dN,=Q 


where  the  quantity  d  -n/dt  d0\s\ht  photons/second-radian 
at  the  detection  circle  in  the  spectral  line,  and  A0  is  the  angu¬ 
lar  width  of  the  counter  acceptance  and  equal  to  t  /r.  (r  is  the 


Fig.  is.  Characterization  of  the  potas¬ 
sium  acid  phthalate  crystal  analyzer, 
KAP  (2i^  26.63  A|.  As  for  Fig.  1 1. 
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Flo.  16.  Transmission  factors  for  the  KAP  channel,  330-1000  eV.  As  for 
Fig.  12. 


radius  of  the  detection  circle.)  Integrating  over  the  spectral 
line  distribution  in  P,  we  obtain 


AT  =  gItAlMw'l 

'  I  dt  )' 


^here  dn/dt  is  the  total  number  of  photons/second  within 
the  spectral  line  distribution  and  defined  as  A'  in  Eq.  (2).  And 
finally,  combining  these  measurements,  we  obtain  the  trans¬ 
mission  function  iV//o^,  experimentally  using  the  following 
relation; 


/,  \Ra  +  r) 


(Note:  this  relation  is  independent  of  the  value  of  the  opti¬ 
mized  counter  efficiency  Q.] 

‘  IV,  SPECTRAL  LINE  SHAPE  V/ITH  THE  ELLIPTICAL 

44^..  .  ANALYZER  SPECTROGRAPH 

The  natural  emi.ssion  linewidths  for  a  point  source  are 
;  '  , !  instrumentally  broadened  only  by  the  effective  reflectivity 

t  '— .•  curve  of  the  analyzer  (the  fractional  intensity  reflected  as  a 

■  ‘  '  function  of  the  angle  Ad  from  the  Bragg  maximum). 

If  the  spectral  emission  is  sharply  monoenergetic  at 
“  photon  energy  E,  and  from  a  point  source,  the  residual  ana- 

.  lyzer  diffraction  broadening  may  usually  be  well  appro.xi- 
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Fig.  It.  FirslK>rderU>second-order response niiio for  Ihe  KAPchanncL  As 
for  Fig.  14. 


mated  by  a  Lorentzian  for  the  low-energy  x  rays  and  given  by 
dJV  ^  Ar(<a/2c-)  T,  tot^tu/Zir) 

dff  (d  -  do)- +  lc^/2)"  (Adf  +  {tu/2}^’ 

The  normalization  of  this  expression  is  performed  by  setting 
the  total  area  under  the  curve,  dJV /dd,  equal  to  the  total 
number  per  second,  N,  of  photons  of  energy  E  that  are  al¬ 
lowed  to  diffract  from  the  analyzer  around  the  associated 
Bragg  angle  [assuming  a  Lorentzian  rocking  curve/(zl0 )]. 
And  here  N  is  equated  to  T,  4>iA,  where  7",  is  the  line  trans¬ 
mission  function  N  /I'ot^  that  may  be  measured  and/or  com¬ 
puted  as  discussed  above.  is  the  full  width  at  half-maxi¬ 
mum  (FWHM)  of  the  reflectivity  curve  which  may  be 
considered  to  be  the  perfect  crystal  width  increased  some¬ 
what  by  the  mosaic  quality  of  the  crystal  (and  usually  must 
be  verified  experiment.illy). 

Rewriting  Eq.  (17;  in  terms  of  the  angle  variable;?  that 
measure.s  the  spectral  line  position,  we  obtain 

dN  ldfi\  \u>nrr]T,i^d> 
dp  \de)  [APf +  [<l>/2f 

In  this  expression,  AP  is  the  small  angle  that  measures  a 
position  ill  the  spectral  line  from  the  spectral  line  peak  posi¬ 
tion  at  /?o  and  is  essentially  equa  I  to  -d  ?  (dp  /</0 ).  ^  is  the  mea¬ 
sured  angular  FWHM,  inP,  and  is  equal  tow{dP/dd). 

Finally,  for  the  number  of  photons  per  micron^-second, 
rfiV /dA,  that  is  measured  at  the  detection  circle  within  a  dif- 


3300-8000  eV  CHANNEL  (2d=<».027A) 


Ti  Ka  (4511  eV)  TRANSMISSION 
Tg=  R(dX/d8)  -  .084  mRAD. 


K0  li 

1  !! 


Fig.  17.  Hfoduci  of  {he  transmisMon  faciorsof  Fig.  1ft,  yielding  the  overall  Fic.  Spcclral  measurement  with  the  LiF  elliptical  analyzer — x^OO- 
spectrographtc  response  for  the  KAP  channel  (i.e.,  the  line  transmission  gO()U-eV  channel  (2rf  ?=  4.027  Al.  Calibrating  x-ray  source-and-proportion- 
function  as  given  in  ELq  j  !4)J  al  counter  combined  window  is  Gaussian  of  FWHM  =  0.2*  in  iJ. 


1319  Rev.  Sci.  Instrum.,  Vol.  54.  No.  10.  October  1983 


Pulsed  plasma  source  spectrometry 


1500-3700 eV  CHANNEL  (2d  =  8.472  A) 


190-460  <V  CHANNEL  (JO- 70  A) 


Mo-Lo  (2273  eV)  TRANSMISSION 
Tj=R(dX/d9)  -  .023  mRAC 


C-K  BAND  (277  eV)  TRANSMISSION 
Tj  =  R(dX/d9)  •  O  il  mRAO 


F:c..  20.  Spectral  measurement  with  the  PET  ellipiical  analyzer — 1500-  Fk’..  22.  Spectral  measurement  with  the  lead  laurate  elliptical  analyzer — 

37t.H)  cV  channel  (2<i  ■=  8.742  A).  Calibrating  instrument  window  as  for  Fig.  l00-4O0-eV  channel  (2^f  —  70  .Af.  Calibrating  instrument  window  as  for 
!9.  Fig  19. 


fcrential  interval  of  angular  width  dP,  we  obtain  from  Eq. 
(18) 

dA  I  rl  }  [APf +  i<b/2f 
Uertr'.we  have  let  dA  —  Li/tr  dp  as  defined  in  Sec.  I. 

It  should  be  noted  that  if  the  measured  spectral  line 
-position  p„  is  used  for  a  preci.se  determination  of  the  photon 
energy  with  Eqs.  (6)  and  (7),  a  small  crystal  refraction  correc¬ 
tion  may  be  needed,  particularly  for  the  lower  photon  ener- 
gi“.s.  This  is  accomplished  by  simply  replacing  the  .ingle  0^ 
corresponding  toP,,,  using  Eq.  i6),  by  the  refraction-correct¬ 
ed  peak  position  and  equal  to  +  (5</sin  6o  cos  6*,J.  Here 
Sv  i.s  the  real  part  of  the  unit  decrement  of  the  refractive  index 
of  the  crystal,  and  is  derived  from  tlie  photon  energy  or 
wavelength  through  Eq.  (7). 

The  crystal  width  to  may  be  determined  by  a  calibrating 
measurement  of  an  emission  source  of  a  known  natural 
Imewidth  e  [in  angle  A0  units  given  by  Eq.  (11)].  Because 
such  calibrating  lines  can  usually  be  described  as  Lorentzian 


500-1200  eV  CHANNEL  (2d  -26.64  A) 


in  their  shape,  the  result  of  the  convolution  of  the  emission 
line  and  a  Lorentzian  crystal  reflectivity  curve  will  be  a  spec¬ 
tral  line  that  is  also  Lorentzian,  of  area  equal  to  IV  (given  by 
T,  inxk,  where  is  now  the  total  number  of  photons/stera- 
dian-second  from  the  given  emission  line  source  of  finite  en¬ 
ergy  width).  This  measured  Lorentzian  will  have  a  FWHM 
equal  to  simply  the  sum  of  the  widths,  to  +  e.  Therefore, 
from  the  measured  width  on  a  calibration  line,  to  may  be 
determined  if  t  is  known  or  is  negligibly  small  (see,  for  e.xam- 
p!e,  R.ef.  10). 

Now.  if  an  experimental  emission  line  source  can  be 
a.ssunied  to  havea  Lorentzian  distribution  in  AE  [and  therc- 
l.orc  as  6,  in  A9,  using  Eq.  (11)].  we  may  apply  the  same 
argument  as  used  above,  simply  replacing  to  in  Eq.  (lb)  by 
<y  -f  E,,  where  e,  is  the  FWHM  of  the  Lorentzian  emission 
line.  In  this  way,  e,  may  be  measured  by  the  experimental 
spectral  line  shape. 

If,  alternatively,  the  emission  line  is  well  approximated 
as  a  Gaussian  distribution  in  AE  and.  therefore,  in  Af)  (as 
resulting,  for  example,  from  Doppler  broadening),  the  con¬ 
volution  of  the  Gaussian  distribution  with  the  crystal’s  as¬ 
sumed  Lorentzian  diffraction  profile  will  yield  a  Koigr  distri- 
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bution,  again  with  an  associated  area  equal’to  A'. 

Generally,  an  emission  line  shape,  at  least  for  the  wings 
of  the  distribution,  may  be  attributed  to  the  combined  effects 
of  both  Gaussian  and  Lorentzian  broadening  of  the  energy 
distribution  of  the  source."  along  with  the  instrumental  dif¬ 
fraction  broadening  of  the  elliptical  analyzer  which  is  essen¬ 
tially  Lorentzian  for  the  low-energy  x-ray  region.  The  shape 
of  the  Voigt  distribution  (with  unit  peak  intensity)  may  be 
given  as  a  function  of  AP as  measured  from  a  peak  position/?o 
by  the  convolution  integral 


exp(  -  r)dy  /  ["* 
(a  —yf  -)-  a‘U- 


exp(  ' 

y-  -¥a^  J 

(20) 


Herert  =  (In  /g)anda  =  (In  Heregand/ 

are  given  in  terms  of  the  FWHM,  in  energy,  of  a  Gaussian- 
broadened  comp>onent  d  (e.g.,  Doppler)  and  that  of  a  Lorent- 
zian-broadened  components  (e.g..  Stark)  of  the  emission  line 
source  by  the  following  relations: 


and 


where,  for  a  given  emission  line,  dd  /dE  and  dP  /dBdxe  evalu¬ 
ated  at  the  Bragg  peak  position  and  given  by  Eqs.  (11)  and  18), 
f»nd  ft)  is  the  measured  Lorentzian  FWHM  diffraction  width 
of  the  analyzer. 

By  numerically  integrating  Eq.  (19),  we  have  shown 
that  the  u.  of  this  Voigt  distribution  can  be  related 

to  the  Gaussian  and  Lorentzian  component  FWHM.g  and  /, 
approximately  by  the  following  (see  Ref  10|: 


I=:u[  \  -ig/u)'], 


(23) 


which  yields 


(24) 


And  in  Ref  10,  we  .have  shown  that  this  integral  Voigt  func¬ 
tion  (of  unit  peak  height)  can  usually  be  simply  and  accurate¬ 
ly  represented  by  a  linear  mix  of  the  Gaussian  and  the  Lor¬ 
entzian  by  the  analytical  approximation 

u(.x)  =  SC !xl  (i  -  i5iL (x),  (25) 


where  G(x)  =  exp[  -  (In  2ix^]  and  ^-.v’)'’  in 

which  thevariabiex  isequaito2J/!7  /u,  and  u  is  the  FWHM  of 
the  Voigt  di:itribuli'in. 

From  precise  Voigt  tunction  tables  we  have  taken  Voigt 
distributions  as  characterized  by  given  /  /I'andg/i' ratios  and 
least-square  lit  these,  using  Eq.  (25),  to  determine  corre¬ 
sponding  (and  .a  complete  range)  of  6  values.  Least-square 
fitting  these  da'a  yields,  within  a  very  good  appr'.i.xnnation, 
the  following  relations  for  the  FWHM  component  widths.  / 
andg: 


-S""'’)  and  g  (2()i 

Thii  iiii.’t  ing  parameler,  S,  vanes  from  zero  to  unity  as  distri¬ 
bution  rat^ges  from  ::  pine  Loretil/.i;in  to  a  pure  Gaiissiaii 
We  may,  theretme,  present  a  relation  for  the  number 
d.\  nf  firi'.ttmtv/sceortd  that  are  nieaviircd  w  iitjn;  .i  d.’lle/en 
tial  angular  interval  df!  as 


dy/dp  =  P„[dG\x\  +  n-6]L\x)],  (27) 

where  P„  is  the  central  peak  value  of  dS /dP  for  the  Voigt 
distribution.  And  if  tlie  area  dA  of  the  spectra!  line  compo¬ 
nent  of  angular  interval  dp  as  measured  at  the  detection  cir¬ 
cle  is  Lii>r  dp  las  defined  earlier),  we  may  write  for  the  num¬ 
ber  of  photons  per  second-micron'  at  the  detection  circle  (at 
the  photographic  film  or  position-sensitive  electronic  detec¬ 
tor) 

dN/dA  =  {Po/rL\l>)[5G[x)  -H  (1  -  5)L  (x)].  (28) 

If  for  example,  self-absorption  within  the  emission 
source  is  significant,  the  central  position  of  the  spectral  line 
may  be  depressed  and  then  only  the  wings  may  be  accurately 
fit  to  a  Voigt  distribution.  Then  R,  must  be  interpreted  to  be 
the  central  maximum  of  a  Voigt  distribution  as  fit  to  the 
wings  only  of  the  measured  line.  Assuming  no  self-absorp¬ 
tion  effects,  we  may  integrate  Eq.  (27)  over  the  entire  distri¬ 
bution  to  obtain  the  total  number  of  photons  per  second 
within  the  spectral  lino,  .V,  and  to  relate  this  number  to  the 
total  number  of  photons  per  sferadian-second,  /o,  for  the 
source  using  the  spcctrographic  line  transmission  function 
T,  as  defined  earlier  in  Eq.  (14): 

y  =  i  P^vlSy/n-zln  2  -*-  ( I  -  5 )r]  =  r,  i,,^.  (29) 

By  fitting  the  Voigt  portion  of  the  measured  spectra! 
line.  P„.v,  and  <5  can  be  determined.  With  it  and  5  the  FWHM 
parameters  g  and  /  can  then  be  obtained  through  Eqs.  (23) 
and  '26)  and  finally  the  energy  widths  d  andi  can  be  obtained 
using  Eqs.  (21)  and  (22).  The  source  intensity  tV,  for  the  given 
emission  is  determined  using  Eq.  (29). 

In  order  to  test  the  assu.mptions  and  procedures  out¬ 
lined  above  for  line  profile  analysis,  the  spectral  line  shape 
for  the  ir.otybdcniim-M<^  [192.6  eV)  emission  as  refiected 
from  a  lead  behena'.e  molecular  multilayer  elliptical  analyz¬ 
er  was  measured  and  is  illustrated  in  Fig.  24.  A  relatively 
simple  least-squares  fitting  of  the  proportional  counter  step- 
scanned  profile  was  applied  to  determine  the  best  peak  posi¬ 
tion/?,,,  the  FWHM  value  for  an  assumed  Voigt  distribution, 
f.  and  a  least-squares  value  for  the  mixing  parameter  <5.  In 
Appendix  B  is  presented  a  program  for  this  fitting  proce¬ 
dure.  Using  these  values  as  described  above,  the  Lorentzian 
and  the  Gaussian  components,  /  and  g,  were  determinefl. 
These  fit  parameters  ba.sed  upon  the  experimental  data  are 
presented  in  Fig.  24.  The  same  parameters  were  predicted  as 
follows:  the  energy  l-WMM  of  the  emission  line,  i.53cV,  and 
the  crystal  reflectivity  curve  FWHM,  cv,  equal  to  .k54  mred 
(as  calculated  for  this  analyzer  of  200  layers  I2d  —  120  .Ai] 
were  converted  into  equivalent  widths  in /Jangle,  /,  andi„.  to 
be  equal  to  0.ti95"  and  0.491°,  respectively.  The  predicted 
Lorentz.i;in  width  i  is  the  sum  of  these  values  and  equal  to 
1.19’.  Using  the  results  of  Sec.  V,  the  image  of  the  source  slil 
at  the  detection  circle  was  cstirnaied  to  subtend  an  ;ing!c  J,'i, 
etiual  to  0. 1 5°,  and  titat  suh'.v.:ided  hy  the  couiuer  slit  -.vidth 
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Fig.  24.  Combining  the  measured 
energy  width  of  the  Mo-M^:  line 
with  the  energy  width  of  the  lead  be- 
henaleanalyzerlfrom  Ref.  8) and  us¬ 
ing  Eqs.  (2 1 1  and  (221,  a  predicted 
Lorentzian  width  /  in  the  angle  B  is 
predicted  to  be  1.19*.  The  measured 
width,  using  the  least-squares  fitting 
procedure  presented  here,  yields  the 
value  for /equal  to  1.12*.  Another  ex¬ 
ample  of  this  procedure  for  reducing 
a  spectral  line  distribution  to  its 
Caus.sian  and  Lorentzian  compo¬ 
nents  is  given  in  Appendix  B. 
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in  Fig.  24,  the  agreement  between  the  predicted  and  the  mca- 
sirrcd  Voigt  line  shape  parameters  is  very  satisfactory.  This 
agreernent  is  also  illustrated  in  the  fit  of  the  predicted 
'smooth)  curve  to  the  exjserimental  points. 

.\s  discussed  in  Ret.  10,  this  procedure  for  fitting  the 
line  shapes  with  Voigt  distnbutions  has  been  e.xtended  to  the 
analysis  of  overlapping  spectra!  lines  by  a  straightforward. 
rtulfiple.paran.etar  least-square  fitting  program. 

-V.THE  EFFECT  OF  OFF-AXIS  POINTS 

•X'iuaily,  for  the  purposes  of  alignment  of  the  elliptical 
tfpectrxtgraph,  a  laser  beam  may  be  focused  at  the  proper 
■aarget  point  position  within  the  pulsed  x-ray  source 
cia.int.-'i-i .  The  beam  then  proceeds  through  an  opposite 
chamber  port  at  which  the  spectrograph  is  mounted  'and 
with  iuilicicnt  divergence  to  fully  illuminate  its  elliptical 
•aucilyyer;.  Fora  p.^eliminary  alignment,  the  crystal  anaiyzer 
-may  wc  replaced  with  a  blank  with  the  same  contour  as  that 
cf  the  mounted  crystal  analyzer,  but  with  a  mirror  finish.  A 


f'(<f  2^.  TIiTect  of  oAT-a^i'.  •■oyree  poin?>  The  ravA  from  mom^rhnim.iiK 
<«Ot*rcc  yxjini  •  ^Aiihin  a  two-degrec  range  nhoul  the  axisias  mrasured  Irnm 
ihc  .HH’Hurc'  ar-  contpuCcr  rr.ice»J  for  a  conMatK  Hr.igg  angle  rWlcc- 

fffHo  ilie  tllipiiwai  analyzer  lIliiMrjicd  here  i\  the  uniform  spacing:  of 
thev  rays  as  they  pasv  through  tlic  scat’er  aperture  and  intercept  the  dctec- 
limi  circle  ishovvn  ma^n'ticil  ten  times  in  the  insc:is|  The  crossovers  that  arc 
gtJ. orated  by  the  constant  Ufagg  angle  reMcciions  corrcsptiiid  t»>  tlur  Johann 
foviistiig  points  ch.iracicnsiic  of  the  loerage  radius  of  curvature  of  ilic  ana- 
ly/cr  ill  !lie  p<iinl  of  rcnection  Shown  here  is  tlic  ray  system  with  ,%  erntral 
ray  rencction  for  equal  to  45* 
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sharp  line  image  of  the  point  source  will  then  be  centered 
within  the  scatter  aperture  if  the  analyzer  is  aligned. 

Typically  the  distance  from  the  anaiyzer  to  this  focal 
point  is  small  as  compared  with  the  working  distance  of  the 
analyzer  to  the  source  point  so  that  a  venical  shift  in  the 
source  point  will  result  in  a  strongly  “demagnified"  shift  in 
the  line  image  within  the  scatter  aperture.  In  addition,  the 
source  image  brightness  changes  very*  slowly  with  such  an 
oif-axis  position.  Initial  alignment  might  be  more  sensitively 
acvoinplished  by  simply  using  a  pair  of  “gun  sights"  preci¬ 
sion  fixed  on  the  analyzer  mount  and  with  vertical  and  hori¬ 
zontal  slits,  respectively,  at  the  entrances  and  with  point 
p.tiotouiodes  at  the  e.xits  of  these  "sights.”  A  “knife-edge” 
icst  may  then  be  made  by  piacing  a  sharp  edge  (or  narrow 
slit)  at  the  proper  focal  point  position  at  the  scatter  aperture 
and  by  te.sting  for  uniform  laser  light  illumination  along  the 
detcciioii  circle.  (Correspondingly,  a  crystal  mounting  tech¬ 
nique  may  be  tested  by  directly  aluminizing  a  crystal  analyz¬ 
er  .surface  to  render  it  mirror  like). 

The  effects  of  an  off-axis  position  of  a  monoenergetic  v 
ray  point  source  is  even  more  limited  than  those  of  the  laser 
light  source  because  the  x-ray  reflection  must  also  satisfy  the 
Bragg  relation  requirement  and  be  at  a  constant  angle  6.  This 
is  illustrated  in  the  ray  traces  presented  in  Figs.  25-27  for  a 
set  of  rays  from  source  points  subtending  an  angular  range 
(measured  from  the  second  focal  point)  of  +  1*,  and  for  con¬ 
stant-^  reflections  at  22.5”,  45”,  and  67.5”,  respectively.  The 


pKi  2b  1;IIcl!  of  otf-a.Kis  source  points  for  P  equal  to  9(J*  As  lor  I'ig.  25. 
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ray  systems  generate  crossover  points  that  correspond  to  the 
Johann  focusing  geometry  for  the  average  radius  of  curvature 
of  the  elliptical  arc  in  the  allowed  reflection  region.  As  illus¬ 
trated  here,  if  the  spectral  line  is  measured  at  the  crossover 
position  below  the  scatter  aperture,  then  its  position  is  fixed 
and  is  essentially  independent  of  the  source  point  position. 
This  effec*  can  be  very  useful  for  spectral  line  measurements 
on  sources  which  are  not  constant  in  their  position.  The  lo¬ 
cus  of  these  crossover  points  is  easily  determined  and  is  not 
circular  as  is  illustrated  in  Fig.  28. 

As  is  illustrated  here  (and  schematically  in  Fig.  29), 
source  points  at  vertical  positions >  are  uniformly  “mapped” 
to  corresponding  image  points  at  z  within  the  scatter  aper¬ 
ture  and  at  along  the  detection  circle  at  positions  above 
and  below  the  Johann  crossover  points.  Again,  as  noted 
above  for  the  usual  spectrographic  geometry  with  relatively 
large  working  distances  to  the  source  (R^/h  >  1),  the  shift  in 
the  reflected  line  for  a  monoenergetic  x-ray  point  source  as 
presented  at  the  scatter  aperture  and  along  a  detection  circle 
is  very  small  as  compared  with  a  vertical  shift  in  the  source 
point  position.  If,  however,  the  detection  arc  is  located 
farther  away  from  this  Johann  crossover,  a  spectral  line  shift 
is  larger  and  the  effect  can  be  used  to  obtain  one-dimensional 
imaging  of  an  extended  source  in  the  y  direction.  The  con¬ 
stancy  of  the  magnification  with  source  position  is  illustrat¬ 
ed  in  the  plots  of  JS  vs  source  point  position  y,  presented  in 


FfC.  28.  Locustif  (he  Johann  focusing  points  in  defection  space.  Ifas(»ectral 
line  is  meatiured  with  a  detector  along  (his  locus,  (he  tine  position,  intensity', 
and  shape  are  esscnfially  constant,  independent  of  a  shift  in  the  ptrvition  of 
the  source  point.  (The  distances  of  these  Johann  crossovers  along  the  central 
ray  to  the  analyzer  are  equal  and  given  by  r  sin  0,  where  r  is  the  radius  of 
curvature  of  the  analyzer  for  the  Bragg  reflection  angle  6/ 1 


Fig.  30.  In  addition,  except  for  the  smaller/9  angles,  the  value 
of  dy/dO  which  determines  the  spectral  line  or  image  bright¬ 
ness  is  slowly  varying  with  source  point  position  as  is  illus¬ 
trated  in  Fig.  31. 

A  one-dimensional  imaging  along  the  length  of  the 
spectral  line  for  source  points  along  the  x  direction  (normal 
to  the  plane  of  dispersion)  can  be  obtained  by  establishing  an 
effective  vertical  slit  between  the  source  and  the  analyzer. 
This  projection  geometry  is  shown  in  Fig.  32.  The  image 
magnification  is  essentially  constant  and  given  by 

,301 

X  s  d 

Here  L,  the  pathlengih  from  source  to  detection  circle,  is  a 
constant  characteristic  of  the  elliptical  focusing  geo.metry 
and  is  given  by  Eq.  (10). 

This  effect  of  a  vertical  slit  may  also  be  gained  by  plac¬ 
ing  a  knife  edge  directly  in  front  of  an  entrance,  plane  mirror 
that  is  used  to  obtain  a  total-reflection  high-energy  cutoff 
which  has  been  described  earlier.  In  addition,  as  discussed 
earlier,  a  larger  aperture  can  be  obtained  by  using  a  cylindri- 
cally  curved  mirror,  rather  than  a  plane  mirror,  which  fo¬ 
cuses  points  along  the  x  direction  to  corresponding  points 
along  thex'  direction  with  the  same  magnification,  x'/x,  as 
given  in  Eq.  (30). 

Finally,  by  locating  a  small  effective  slit  aperture  at  the 
first  Johann  crossover,  a  two-dimensional  image  of  an  ex- 


■0  2  -  IQ  '  0  .!0  20 


Fk'.  }*)  Conip'jicJ  .S  a  t'unctioa  of  the  source  pt'sitioH  v 

Idctinr.l  in  Fi;;  -SI  for  iliir-TL-ni  i  cnira!  ray  antics /A  IlUistraied  here  is  the 
ev.ciiti:i!  coiivtan-jy  of  iln*  y-dimetiM.'-ial  magnification  for  a  gtsen  photon 
energy 
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Fig.  3 !  ■  The  pholnmetric  parameter that  delerminei  the  total  bright¬ 
ness  of  the  diffracted  line  is  also  relatively  constant  for  a  given  photon  ener¬ 
gy  as  the  source  point  position  y  varies. 


tended  source  may  be  obtained  for  a  selected  photon  energy. 
Sucl'.  two-dimensional  images  can  be  presented  at  several 
positions  along  the  detection  circle  for  different  photon  ener¬ 
gies  by  establishing  several  corresponding  small  apertures  in 
front  of  the  analyzer.  This  two-dimensional  imaging  is  illus¬ 
trated  in  Fig.  33. 

VI.C0NCLUS10NS 

As  based  upon  analyses  and  results  which  have  been 
*prei!e-.iud  here,  the  authors  conclude  that  the  elliptical  ana¬ 
lyzer  spectrograph  can  provide  relatively  sj/nply  and  flexibly 
a  precise  and  absolute  spectrometry  of  concentrated,  bright 
sources  of  pulsed  x  radiation  in  the  photon  energy  region  of 
lOO-iC  CfjiOeV.  Its  unique  geometrical  advantages  permit  (Ij 
me.'cvarcinent  with  minimum  background,  i2j  effective  use  of 
priin-ir./ Ttionochromaior  mirrors  for  a  high-energy  cutoff 
and  fi,:  c-o.-iiplcie  adjas^ment  of  ihe  spectra!  line  length  along 
the  detection  circle  in  order  to  accommodate  a  given  detec¬ 
tion  fr.i'.Je,  a.nd  (3)  a  one-  or  two-dimensional  imaging  of  an 
exteiioeJ  '..ource  for  a  given  photon  energy. 

A  .simple  and  direct  e.xperimcntal  calibration  procedure 
for  the  determination  of  the  transmission  functions  of  the 
elliptical  analyzer  spectrograph  (for  line  and  continuum 


mea.surement)  ha.*'  been  demonstrated.  These,  along  with  the 
mea.surcd  spectral  line  shapes,  have  been  found  to  be  in  good 
agreement  with  the  prediction  of  the  geometric  and  physical 
optics  for  this  spcctrographic  system. 

A  first  application  of  the  elliptical  analyzer  spectro¬ 
graph  for  the  100-2(XX}-eV  region  has  been  accomplished 
using  planar  targets  at  a  100-^f  focal  spot  of  a  20J/6  ns  pulsed 
laser  source  (1.06  at  the  Sandia  National  Laboratory.  A 
report  is  now  in  preparation  by  one  of  the  authors  (T.T.)  and 
collaborators. '  ^  In  Fig.  34  is  shown  an  example  of  the  results 
obtained  with  the  Sandia  source  on  an  aluminum  target. 
(The  hydrogen-  and  helium-like  principal  lines  use  a  KAP 
elliptical  analyzer  in  second  order-single  shot.) 

For  precise,  absolute  spectrometry,  well-calibrated  de¬ 
tection  is  also  required.  In  a  companion  paper,'*  we  present 
absolute,  operational  calibrations  of  five  photographic  films 
that  have  been  found  to  be  effective  particularly  for  100- 
2000-eV  spectroscopy  (Eastman-Kodak  101,  2492,  2495, 
2497,  and  SB392).  An  important  advantage  of  photographic 
detection  is  its  relatively  large  dynamic  range  ( >  1000).  A 
photographic  option  is  particularly  useful  for  obtaining  ini¬ 
tial  “survey"  spectra  and  for  determining  the  effective  levels 
of  the  source  intensities. 

Work  is  now  in  progress  on  coupling  streak  camera  de¬ 
tection  to  the  elliptical  spectrograph  for  time-resolved  spec¬ 
troscopy  in  the  picosecond  region  for  both  wide  and  narrow 
spectral  range  diagnostics  on  tlie  large  laser-produced  plas¬ 
ma  sources  of  the  Lawrence  Livermore  National  Laborato¬ 
ry''*  and  at  the  University  of  Roche.ster’s  Laboratory  for  La¬ 
ser  Energetics.'*  At  this  laJx>ratory,  a  collaborative  effort 
has  also  been  initiated  on  the  comparative  evaluation  and 
calibration  of  “state  of  the  art"  position-sensitive,  .self-scan¬ 
ning  electronic  detection  systems  as  coupled  to  the  elliptical 
aiiaiyzer  spectrograph  for  the  100-10  000-eV  region  and  for 
both  pulse  and  photon  counting  detection  modes. 

Finally  it  should  be  noted  that  the  elliptical  analyzer 
speoirograpn  systems  that  have  been  described  here  can 
have  some  important  advantages  as  applied  to  the  very  in¬ 
tense  synchrotron  x-ray  continuum  sources.  Because  the 


FUi.  32.  x-dimcnvional  ima^.ing  of  a 
morujchromatic  source  potni  m  the 
pfanc  normal  to  that  of  dispersion,  ef¬ 
fected  by  establishing  a  vertical  slit  lor  a 
cyhndricj)  focusing  mirror)  at  position 
from  the  source.  For  the  t>pically  large 
values  R,^'h.  the  magnification  x'/x  is 
esseniuUy  constant  and  equal  to 
[L  -  (1  \/d,  >fchrrc  L  is  the  characlensiic 
constant  pathlcngth  for  the  elliptical 
anai>  ^er  s>stcni. 
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Fig.  33.  x-  and  >'-dimensional  imaging  of  an  extended  source  by  placing  a 
short,  vertical  slit  at  the  first  Johann  crossover  point  corresponding  to  a 
gi'cn  photon  energy  E  and  Bragg  angle  ff.  By  establishing  several  of  these 
small  slits  in  front  of  the  analyzer,  two-dimensional  images  for  the  several 
photon  energies  are  formed  along  the  detection  circic. 


grazing-incidence  mirrors  and  certain  crystals  and  multi¬ 
layers  (e.g.,  the  sputtered/evaporated  multilayers)  can  be 
used  which  are  stable  under  the  very  high  total  intensity  of 
,the  synchrotron  radiation,  these  mirror-elliptical  analyzer 
systems  can  be  very  effective  primary  monochromators  with 
good  high-  and  low-energy  rejection  and  low  background.  In 
addition,  when  applied  as  high-resolution  spectrographs, 
these  systems  can  be  used  to  present  an  absorption  spectrum 
along  the  detection  circle,  utilizing  the  continuum  x-radi¬ 
ation  source  and  with  the  absorption  sample  over  the  scatter 
aperture.  Important  measurements  on  photoabsorption  for 
condensed  matter  over  a  relatively  large  spectral  range  can 
thus  be  made  and.  in  particular,  those  of  the  extended  x-ray 
absorption  fine  structure  (EXAFS)  can  be  made  simply  and 
accurately  on  very  small  samples. 
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APPENDIX  A;  CONSTRUCTION  OF  THE  ELLIPTICAL 
ANALYZERS 

As  noted  in  Sec.  I  (e.g..  Figs.  2  and  3),  for  fixed  analyzer 
spectroscopy  with  relatively  large  spectral  range  coverage 
(as  with  the  convex  and  the  elliptical  analyzers),  a  given  spec¬ 
tral  line  is  diffracted  by  only  a  narrow  region  of  the  crystal. 
Therefore,  for  precise,  quantitative  measurement  on  line  in¬ 
tensities  and  shapes  there  is  a  strong  requirement  for  accu¬ 
rate.  smooth,  and  continuous  profiling  of  these  analyzers. 
Meeting  this  requirement  is  more  easily  accomplished  with 
cylindrically  bent  crystals  irather  than  with  the  higher- 
strained  double  curvature  systems)  as  have  been  the  basis  of 
the  spectrographic  design  applied  in  this  work.  Presented 
her.'  is  a  brief  description  of  materials  and  mounting  proce- 
duriis  that  have  been  (bund  to  be  useful  for  the  construction 
of  tnc  elliptical  analyzers. 

A.  Crystals  for  E >  500  eV 

In  Table  .A1  we  have  listed  some  practical  crystal  mate¬ 
rials  that  have  been  successfully  cleaved  and  bent  to  analyzer 
radii  of  curvature  as  small  as  one  inch.'*  These  have  good 
stability  and  relatively  high  reflectivity'^"*  and  have  been 
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Fig.  34.  Spectra!  measurement  of  a  la* 
ser>pn)duced  plasma  source  with  an 
elliptical  anai>Ter  spectrograph.  The 
20-J/6  ns  (I.0t>-micron  light!  1‘iser  fa¬ 
cility  of  the  Sandia  National  Laborafo- 
r>  wits  used.  The  h  and  Rn  values  of  the 
analv/crwcrc  I  and  12  in.,  respective- 
Iv  The  pJ«Lsfna  source  uos  produced  at 
a  KJ0-/(-diam  focal  spot  on  a  planar 
aluminum  target.  A  14(X)-A  parylene/ 
TfXN.A  afuminum  filter  was  used  and 
without  a  pnmary.  grazing-incidence 
mirror  monochromator.  Shown  here 
IS  a  microdcnsitomctcr  plot  of  the 
specirum  as  rci'ordeil  on  Kasiman-Ko- 
rfjk  24‘»7  filri  (along  a  2. l^-m. -radius 
detection  circle*  from  a  single-shot  e\- 
po-surc.  In  thi>  measurement  arc  the 
DMiuipaf  lme>  of  the  helium-  amt  liy- 
'  •  o^en-liKe  vnc-.  tif  alumnnmi  as  dif 
tra.'tcil  id  >ecoPtl  order  wiih  a  K.AI* 
an.M>7cr 
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I'Ani.l-:  Al.  Some  practical  crystal  systems  for  cuived  analyzer  applications  I2r/  values  and  approximate  forming  parameters!. 


Xryaul 

HI  -  Id  (A) 

P~pla&(ic 

Thickness 

(mils) 

Temperature 

rci 

Bonding 

LiT 

220-2.348 

p 

8-20 

7ocr 

Epoxy 

LiF 

200-4,027 

p 

8-20 

700" 

Epoxy 

PET 

002-8.742 

e/p 

8-10 

90" 

Wax 

EDDT 

020-8.808 

e/P 

8-10 

90" 

Wax 

ADP 

Mica 

101-10.64 

P 

8-15 

VT 

Wax 

(muscovite) 

002-19.84 

e 

5-10 

IV 

Epoxy 

Rap 

10lO-26.12 

e 

5-10 

20* 

Epoxy 

KAP 

10T0-26.63 

« 

5-10 

20" 

Epoxy 

typically  applied  in  focusing  x-ray  emission  analysis  instru- 
tnentation.'* 

Crystals  that  are  plastic,  as  LiF,  can  be  preformed  at  the 
indicated  elevated  temperatures^"  over  a  convex  curved  sur- 
iac&of  stainless  steel  or  graphite  that  is  a  negative  replica  of 
xheeliiptical  substrate.  At  room  temperature  the  elastic  crys- 
"taland  preformed  plastic  crystal  segments  (of  typical  thick¬ 
nesses  as  listed  here)  are  pressed  and  held  against  the  cllipti- 
cally  curved  substrates  which  are  coated  with  a  thin  layer  of 
.filtered,  low-viscosity  epoxy  resin  of  a  slow  curing  rate.^'  A 
•small  bench  vise  is  used  with  a  gentle  pressure  established 
'thmugh  a  silicon-rubber  pad  which  is  molded  from  the  sub¬ 
strate  blank  surface.  U  has  been  found  that  crystals  as  PET 
..and  EDDT  bend  more  easily  at  hot-plate  temperatures  and 


these  arc  preformed  against  the  substrate  which  is  coated 
with  melted  wax.  and  then  held  until  cooled  to  room  tem¬ 
perature  under  the  light  pressure  of  the  silicon-rubber  pad. 

The  smaller  thicknesses  for  the  crystal  analyzers  in  the 
range  indicated  in  Table  A1  are  required  when  bending  to 
radii  as  small  as  one  inch.  The  crystal  thicknesses  should  be 
chosen  to  be  no  smaller  than  is  required  for  the  particular 
bending  radii  of  curvature  because  the  quality  of  the  analyz¬ 
er  is  usually  improved  when  using  the  thicker  material. 

Kigh-quality,  single  crystals  can  be  cleaved  from  blocks 
that  are  commercially  available  of  about  four  inches  in 
length  as  cut  from  boules  of  the  synthetically  grown  materi¬ 
al.  (The  natural  crystal,  mica,  can  also  be  obtained  with  ex- 
celient  quality  in  this  length.)  For  given  values  ofy?(,  and  A 


'.Taki  l.  Ai.  PepcnUeiiccofspectral  range  and  beam  dimensions  anon  A  (for  P..  ~  ’.20  cm  ;47.24  in.)  ami  for  anal,  zer  length  =  4  0  in.). 
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Tai»1  \i  A3.  Profile  parameters  for  4-in.  cry.>tal  analy/er  [>?„  —  120  cm  (47.24  in.)]. 
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t 

A,) 

.Vo 

-Xl 

yt 

m 

1  0 

0.9791 

0.750 

1.500 

4463 

0  760 

0.565 

0.954 

-0.8137 

1.? 

0.9688 

0.750 

2.000 

4.488 

0.641 

0.589 

1.090 

-  0  6894 

2,0 

0  9586 

0.750 

2.500 

4  566 

0,606 

0.668 

1. 196 

-0.6045 

1? 

0.9485 

0.750 

3.000 

4.685 

0.615 

0.786 

1.284 

-  0  5429 

3.0 

0.9385 

0.750 

3.500 

4835 

0.648 

0.934 

1-362 

-0.4961 

3..< 

0.9287 

0  750 

4,000 

5.009 

0.695 

1.103 

1.432 

-0.4591 

this  substrate  block  no  larger  than  necessary  for  required 
mechanical  rigidity  in  order  to  allow  flexible  spectrograph 
mounting  and  for  the  bench-vise  handling  in  the  crystal- 
mounting  procedures  as  described  above.  For  the  ntolecular 
multilayer  construction  this  minimum  size  is  essential  be- 
cau.se  the  substrates  are  stacked  six  high  for  the  dipping  tank 
operation  in  the  direct  depositing  of  these  analyzers.  This 
standardized  substrate  design  is  detailed  in  Fig.  At.  Ail  di¬ 
mensions  are  simply  related  to  the  locating  centers  of  the 
Jtole-and-siot  positions  (used  with  fixed  mounting  posts 
within  the  spectrograph)  and  to  the  position  of  the  focal 
point  within  the  scatter  aperture. 

The  computer-controlled  milling  machine  that  has 
been  used  generates  a  prescribed  radius  of  curvature  between 
successive  points  along  the  required  elliptical  arc.  The  spac- 
.mg  for  these  points  is  chosen  in  order  that  this  circular-arc 
.approximation  is  of  error  that  is  no  greater  than  the  toler¬ 
ance  of  the  milling  machine  (~0.2  mil).  This  typically  re¬ 
quires  fev/er  than  100  incremental  positions  along  the  four- 
mch  arc  for  the  analyzer  substrates  used  in  this  work. 

In  addition  to  specifying  the  standardized  back  and  side 
surfaces  and  locating  hols  and  slot,  a  listing  is  aiso  p.'esented 
foi  the  milling  machine  instructions  of  the  .x,  y  and  radius  of 
curvature,  r,  a.ssociated  with  each  position  along  the  ellipti¬ 
cal  arc.  All  coordinates  are  given  using  the  back  and  side 
sin  faces  of  the  substrate  block  as  the  x  and;’  a.xes  ?.s  shown  in 
'Tug.  A 1.  The  points  along  the  elliptical  arc  ponion  arecalcu- 


VOIGT  OISTRieoTION  • 
LINEAR-MIX  ApoROXIMATION 


f  K.,  HI  ^'oinpared  hrre.  as  for  T.iblc  Ul.  arc  the  prcditicd.  computer-fit 
FWHM  values  for  /.  g,  and  t'  with  those  chnrncicn/.mg  the  unifoiiniy 
spa*. at  |•omt  tiata  for  an  exact  Voigt  distribution  Ocmonstratrd  here  is  the 
hi^li  acciirsicy  of  such  fitting  by  the  rclaiivcly  simple  analyiical  upproxiina 
non  to  the  Voigt  convoaition  integral  given  in  K<(  (2^1  and  applied  here. 


lilted  using  the  parametric  relations  in  variable^.  From  Eq. 
(4),  the  radial  position  from  the  focal  point  to  the  arc  is  given 
by 

h 

"i - a- 

1  —  f  cosp 

Using  the  coordinates  as  deflned  in  Fig.  Al,  we  may  then 
write 

_  .  hco^-e^) 

A  — “  Art  "+•  ■ 

1  —  c  cos^ 

and 


h  sin(/g  -  gp) 

y  I  o' 

1  —  ecosp 

The  corresponding  radius  of  curvature,  r,  at  the  angular  po¬ 
sition  P  is  given  by 

^  _  ^(1  —  2f  cosjg  -b 
(1  —  e  cos  ^ 

At  the  P  position  of  one  end  of  the  symmetrically  cen¬ 
tered.  four-inch  crystal  segment  (and  at  corresponding  co- 
otdinates.  .c ,  and  V;),  the  profile  i.s  allow’ed  to  continue  as  a 
stiaight  tangential  section  to  the  end  of  the  substrate  block  as 
.'•howii  in  Fig.  A!  and  with  a  slope m  equal  tothat 
the  elliptical  arc.  By  eliminating  the  elliptical  arc  at  this  end 
(with  its  smaller  radii  of  curvature),  the  crystal  segment  may 
be  more  easily  translated  back  and  forth  along  the  substrate 
in  the  mounting  process  of  establishing  a  good  epoxy  contact 
and  centering. 

In  Table  A3  we  have  listed,  for  h  values  in  the  range  of 
1-3.5  in.  andforf?,,  =  120  cm,  thevaluesforXo,.Vo>-'’f|«3'i--'^2. 
>>;,  m.  and  e  which  permit  the  complete  specification  of  the 
curved  profile  portion  of  the  standard  elliptical  analyzer  sub¬ 
strate  described  in  Fig.  AI. 

APPENDIX  B;  SINGLE  SPECTRAL  LINE  ANALYSIS 

Assuming  that  a  measured  spectral  line  distribution 
may  be  precisely  described  as  a  convolution  of  Lorentzian 


Tahi  I.  ni.  t,  q,  and  v  v.alues  for  dift'ereni  mixing  parameters 
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that  characterize  the  elliptical  analyzer,  the  spectral  range 
that  may  then  be  covered  is  determined  by  the  effective 
length  of  the  crystal.  In  Table  A2,  the  limiting  values  for  the 
spectrum  angles.  /?,  and  P,,  as  set  by  a  four-inch  length  of 
crystal  analyzer  arc  presented  for  h  values  in  the  1^-in. 
range.  An  R^,  value  of  1 20  cm  (47.24  in.)  has  been  chosen  here 
as  being  an  appropriate  value  for  most  of  the  large  inertially 
and  magnetically  confined  plasma  sources  which  are  cur¬ 
rently  in  operation.  The  corresponding  limiting  |2rf  ]E  values 
have  been  calculated  and  are  presented  here,  which  will  yield 
the  photon  energy  limits,  £,  and  £■,,  derived  by  using  the  Id- 
crystal  values  as  those  presented,  for  example,  in  Table  .Al. 
The  associated  beam  limits,  a ,  and  a,,  and  the  linear  aperture 
da  are  given.  Finally,  the  radii  of  curvature,  r,  and  r-,,  of  the 
analyzer  profile  at  the  corresponding/?,-/?,  angle  limits  are 
also  presented  here. 

B.  Multilayers  for  E  <  500  eV 

For  spectroscopy  below  the  carbon-K  edge  (at  ~  280 
eV),  we  have  developed  molecular  multilayer  analyzers  of 
'the  Langmuir-Blodgett  type  using  the  lead  salts  of  the 
straight-chain  fatty  acids,  lauric,  myristic,  stearic,  behenic, 
lignocerate,  and  meltssic.  These  are  of  Id  values  equal  to  70, 
80,  100,  120,  130,  and  160  .A,  respectively.  Our  molecular 
multilayer  analyzers  are  typically  with  200  d  spacings.  Their 
characteri.stics  and  methods  of  construction  have  been  re¬ 
ported  elsewhere."  ''’' For  these,  the  reflecting  planes 
are  dense  double  layers  of  lead  atoms  separated  by  a  low- 
density  matrix  of  the  carbon  chains.  Because  the  carbon  ma¬ 
trix  is  of  particularly  low  absorption  for  photon  energies  be¬ 
low  the  carbon-K  edge,  the  reflectivity  and  resolution  of 
these  molecular  mullilaycrs  arc  relatively  high.  (Energy  re¬ 
solution  is  typically  around  1  eV.) 

These  multilayers  arc  deposited  directly  upon  the  ellip¬ 
tical  analyzer  substrate  blanks  which  are  clad  with  10-mil 
glass  sheet  material.  The  thin  glass  segments  are  preformed 
at  a  "sagging”  temperature  and  annealed  upon  stainless- 


steel  elliptical  analyzer  substrates.'^  These  are  then  epoxied 
to  the  elliptical  substrates  with  a  procedure  as  noted  above. 

A  unique  advantage  of  the  molecular  multilayers  is  that 
these  may  be  deposited  upon  substrates  of  any  shape  (for 
example,  of  double  curvature  and  of  radii  of  curvatures  in 
the  millimeter  rangci. 

For  spectroscopy  in  the  300-500-eV  range,  the  molecu¬ 
lar  multilayers  are  generally  not  as  efficient  as  the  sputtered/ 
evaporated  multilayers  of  nonorganic,  low-density/high- 
density  layered  pair  systems. -•’‘■’’•-'’These  may  be  construct¬ 
ed  with  Id  values  in  the  required  30-60-A  range.  The  high- 
density  layer  may,  for  example,  be  of  an  element  such  as 
tungsten.  The  low-density  layer  may  be  a  compatible  lighter 
element  with  a  particularly  low  absorption  for  photon  ener¬ 
gies  in  the  desired  300-600-eV  region.  These  may  be  deposit¬ 
ed  most  accurately  upon  flar  surfaces  (for  example,  upon  the 
same  10-mil  glass  sheet  material  as  used  for  molecular  layer 
substrates)  which  may  then  be  elastically  bent  and  epoxy 
mounted  as  described  above  for  elastic  crystal  segments. 

C.  Construction  of  the  elliptical  substrates 

The  elliptical  profiles  are  machined  into  a  suitable  sub¬ 
strate  material  using  a  computer-controlled  vertical  milling 
machine.  Considerations  involved  in  the  choice  of  the  sub¬ 
strate  material  include  machinability,  surface  smoothness, 
and  the  temperature  coefficient  of  expansion  (as  may  ap¬ 
proximately  match  that  of  the  attached  crystal  or  glass  seg¬ 
ment).  Typically,  stainless  steel,  aluminum,  and  plastics 
have  been  used.  .A  low  atomic  number  substrate  material 
may  be  important  to  minimize  objectionable  fluorescent  x- 
radiaiion  background  from  the  substrate  when  a  given 
source  spectrum  contains  an  appreciable  high-energy  x-ray 
background  component. 

We  have  attempted  to  design  the  crystal-mounting 
block  to  be  of  convenient  dimensions  that  are  suitable  for 
analyzers  of??o  values  in  the  lO-lOO-in.  range  and  h  values  in 
the  1  -4-in.  range.  It  is  important  to  have  the  dimensions  of 


UNIVERSAL  ELLIPTICAL  ANALYZER  MOUNTING  BLOCK 


FOR  3q  =  30- 


POoiTlON 

X  i 

y 

0 

0.7500'  i 

h-o  5000“ 

3 

0 

1  5000" 

4 

5.0000"  i 

0 

5 

4  2500“  ! 

0  2500" 

6 

2  5000" 

0  2500" 

7 

0  7500" 

0  2500" 

5-7  locating  HO'. i.  a, no  ',1  or 
01  AM  >  0  250r.  ' 

6  clearance  hole  C-iAM  -  O.IGG" 


Frr.,  AI.  Universal  elliptical  analyrcr 
mounting  block  for  four-inch  crystal 
segments  und  for  Rf^  and  h  values  in  the 
ranges  10-100  and  in.,  respectively. 
The  parameters  that  specify  the  culled 
profile  that  is  machined  into  this  block, 
for  a  given  h  value,  are  presented  in  Ta¬ 
ble  A3. 
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Flii.  B2.  Ptotted  here  are  (he  relations  that  are  used  to  determine  the and 
/  /v  ratios  from  the  computer-fit  values  of  6.  The  exponents  that  are  used 
here  were  based  upon  least-square  fitting  over  evenly  spaced  values  of  6  as 
shown  here  m  the  0- 1  to  0.9  range.  The  ratu)S  used  in  these  plots  were  (hose 
that  characterize  the  corresponding,  exact  Voigt  distributions  that  were  fit 
for  these  6  values.  Her  comparison  are  shown  the  simpler  functions  that 
have  been  used  to  obtain  the  approximate  analytical  relations  that  are  given 
in  Eqs.  (23)  and  (24). 

and  Gaussian  components  (and  therefore  as  a  Voigt  distribu- 
'Hion),  and  using  the  linear-mix  analytical  approximation  de¬ 
scribed  by  Eq.  (25),  a  fortran  program  has  been  written’’ 
that  will  then  allow  the  computation  from  a  line  intensity 
profile  data  set  /ly?  |  for  the  following  values; 

S  linear-mixing  parameter 

/q  peak  intensity 

Pu  peak  position  in  spectrum  angle, 

V  FWHM  of  the  be;it  Voigt  distribution  fit 
/  Lorentj:ian  component  FWHM 

g  Gaussian  compo;ient  FWHM 

A’  area  under  the  best-fit  distribution. 

The  linear-mix  approximation  to  the  Voigt  function  may  be 
written  as 

/(/3)  =  /„(i)G(x)  +  (l  -<5)L(x)l. 

where <7 (.r)  =  e.\p[  —  (In  2).r’J  and  Z,  (t)  =  ( 1  -^  .r’) " '  and  for 
which  X  =  2\P  —  P(,)/ii 

For  a  given  value  of  v,  a  linear  least-squares  fitting 
yields  a  value  for  S  and  for  /„.  In  this  program,  u  is  vaned  in 
.  ords.-  to  find  its  “best"  value  which  renders  a  minimum  ab¬ 
solute  least-square  titting  error.  The  entire  line  profile  data 
set  is  used  for  this  fitting  procedure.  In  order  to  begin  this 
minimum-error  search  process,  a  first  approxitnu'ian  for  the 
value  of  11  is  obiained  by  least  square  fitting  tlio  mu  sides  of 
the  distribution  lusing  inieiisity  points  in  liic  range  of  i',/3  to 
2/, /-I)  to  i  cuImc  in /’ll  /  :.  I'roni  ilicsc  fils,  tlie  1 'W!IM  v;..lue  v 
and  the  pc.ik  position  /?,,  are  first  determined  With  the.sc 
values,  the  minimum-error  litting  of  the  above  iinear-mix 
function  may  proceed. 

In  Fig.  Bl  are  plotted  exact  Voigt  dislnlnitniii  p. nuts  as 
characterized  by  th'-  par.mieU-r.  g,,,  and  i’„.  .\!so  plotted 
here  is  tlic  linear  mix  approxitrialioii  curse  as  developed  in 
this  program  along  with  its  coiiipincd  v.diics  of.',  c-  atio  r. 
Similarly,  in  1  able  IM  .ire  prescnlcd  the  /.  am!  '■  values  for 
different  inixin"  p  iranicter..,  o,  compariiig  tlie  original  Vuig; 
\ahics  lo  ihc  derived,  conunilci -lit  values.  As  diseusvcci 
above.  I  he  i.  luid  /  paranielers  an:  iielertnined  froni  the  values 
for  and  for  r  using  the  lollowiiig  relations  (from  Kq  i2b)J 


g  =  y(<5°’**)  and  /  =  u(l  —  5'  These  exponents  were  de¬ 
termined  from  least-square  fitting  to  the  computer-fit  6  val¬ 
ues  in  the  0. 1  to  0.9  range  as  shown  in  the  plots  of  Fig.  D2. 

Note.  If  the  central  region  of  the  spectral  line  departs 
from  a  Voigt  distribution  (e.g.,  depressed  by  the  effect  of  self- 
absorption  within  the  source),  only  the  intensity  points  for 
the  wings  of  the  distribution  are  entered  as  the  line  profile 
data  set.  In  this  case,  the  program  will  stop  and  ask  the  oper¬ 
ator  to  enter  an  estimated  peak  position  and  intensity  (corre¬ 
sponding  to  an  “extrapolated  Voigt  distribution”  near  the 
distribution  center).  A  region  in  the  wings  that  is  affected  by 
contributions  from  an  overlapping,  nearby  spectral  line  may 
be  eliminated  and  represented  by  a  few  points  that  are  esti¬ 
mated  Voigt  extrapolations  and  which  reflect  the  symmetry 
as  required  for  the  single  line  that  is  being  analyzed.  It  is 
important  that  all  background  intensity  under  the  spectral 
line  be  subtracted  from  the  original  intensity  profile  data. 
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presentation,  American  Physical  Society  Second  Topical  Conference 
on  High  Temperature  Plasma  Diagnostics,  Santa  Fe,  New  Mexico, 

February  28  -  March  3,  1978 

-  Application  of  Lou  Energy  X-Ray  Spectroscopic  Techniques  to  High  Temperature 

Plasma  Diagnostics,  Physics  seminar  lecture,  Los  Alamos  Scientific 
Laboratory,  June  1978 

-  The  Optimization  of  X-Ray  Photocathodes  for  Time  Resolved  X-Ray  Spectros¬ 

copy  in  laser-Produeed  Fusion  Research,  Physics  colloquium  lecture. 
University  of  California  Lawrence  Livermore  Laboratory,  June  1978 

-  Participated  in  a  workshop  on  the  Absolute  Calibration  of  X-Ray  Photo¬ 

cathodes  as  Applied  in  X-Ray  Detectors  (XRD's)  sponsored  by  the 
National  Bureau  of  Standards  at  the  Lav/rence  Livermore  Laboratory, 

June  1973.  The  results  of  the  calibrations  of  two  detectors  that 
were  calibrated  by  each  of  the  six  participating  laboratories, 
including  this  one,  were  evaluated. 

-  The  Secondary  Electron  Emission  Photocathode  Characteristics  for  Time 

Resolved  X-Ray  Spectroscopy  ,  International  Conference  on  X-Ray  and 
XUV  Spectroscopy,  Sendai,  Japan,  August  28  -  September  1,  1978 

-  C-K  and  Ct-L  Emission  Spectra  and.  Molecular  Orbital  Analysis  of  CCI4 

International  Conference  on  X-Ray  and  XUV  Spectroscopy,  Sendai, 

Japan,  August  28  -  September  1,  1978 

-  A  Review  of  X-Ray  Photocathode  Characteristics  that  Affect  Picosecond 

Streak  Camera  Operation,  1978  American  Physical  Society  Annual 
Meeting  of  the  Division  of  Plasma  Physics,  Colorado  Springs,  October 
30  -  November  3,  1978 

-  Physics  and  Application  of  t'fulti layer  'Crystals^  for  Spectral  Analysis  in 

the  50-100  A  Region,  Invited  paper,  American  Crystallographic  Assn. 
Meeting  (Joint  with  Japanese  Crystallographic  Society),  Honolulu, 
Hawaii,  March  26-30,  1979. 


1979 

-  Seminar  at  Lawrence  Livermore  Laboratory,  June  20,  1979 

-  Seminar  at  Los  Alamos  Scientific  Laboratory,  June  26,  1979 

-  Seminar  at  Kirtland  Air  Force  Base  and  Sandia  Laboratories,  Albuquerque, 

New  Mexico,  June  28,  1979 

-  Seminar  at  Maxv/ell  Laboratories,  Inc.,  San  Diego,  June  29,  1979 

-  X-Ray  Spectroscopy  in  the  lOO-iOOO  eV  Region,  Invited  review  paper, 

Japan-U.S.A.  Seminar  on  Synchrotron  Radiation  Facilities,  East-West 
Center,  University  of  Hawaii,  November  5-9,  1979 
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1979  (cont.) 


-  The  Characterization  of  X-Rcoj  Photocathodes,  2]st  Annual  Meeting  of  the 

Division  of  Plasma  Physics,  American  Physical  Society,  Boston, 
November  12-16,  1979 

-  Seminar  at  Department  of  Physics,  Pomona  College,  Claremont,  California, 

November  1979 

-  Seminar  at  Massachusetts  Institute  of  Technology,  Center  for  Space 

Research,  Cambridge,  Massachusetts,  November  1979 


1980 

-  Seminar  at  Lawrence  Livermore  Laboratory,  August  1980 

-  Seminar  at  Los  Alamos  Scientific  Laboratory,  August  1980 

-  Seminar  at  Kirtland  Air  Force  Base  and  Sandia  Laboratories,  Albuquerque, 

New  Mexico,  August  1980 

-  Some  Recent  Developments  in  Lou  Energy  X-Ray  Spectroscopy,  1980  Annual 

Meeting  of  the  Division  of  Plasma  Physics,  American  Physical 
Society,  San  Diego,  November  10-14,  1980 


im 

-  Co-organizer  of  a  special  Topical  Conference  on  Low  Energy  X-Ray 

Diagnostics  sponsored  by  the  American  Physical  Society,  Oune  8-10, 
1981,  Monterey,  California.  Contributions  for  this  program 
included  the  follov/ing; 

1 .  Lou  Energy  X-Ray  Spectroscopy  with  Crystals  and  Multilayers, 

2.  Lou  Energy  X-Ray  Interactions:  Photoionization,  Scattering, 

Specular  and  Bragg  Reflection.  (Review  paper) 

3.  An  Absolute  Calibration  of  PAR  Z497  Film  for  Lou  Energy  X-Ray 

Spectroscopy,  (with  E.  R.  Dietz  and  M.  A.  Tester) 

(Review  paper) 

4.  Ihe  Atomic  Scattering  Factor,  fi  +  ifi,  for  94  Elements  and 

for  the  100  to  2000  eV  Photon  Energy  Region,  (with  P.  Lee, 
T.  0.  Tanaka,  R.  L.  Shimabukuro  and  B.  K.  Fujikawa). 


Proceedings  of  this  Conference  v/ere  published  by  the  American  Institute 
of  Physics,  New  York,  1981:  AIP  Conference  Proceedings  No.  7S  on  Lou 
Energy  X-Ray  Diagnostics,  0.  T.  Attwood  and  B.  L.  Henke,  Editors. 
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TOPICAL  CONFERENCE  ON 
LOW  ENERGY  X-RAY 
DIAGNOSTICS 
Monterey*  California 
8-10  June  1981 
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The  meeting  will  ptovide  i  focum  for 
tive  teseaiehert  in  dirfeiing  idcntinc 
fieldi  to  meet  and  diacusa  common  in¬ 
terest]  in  the  rapidly  evolving  technol¬ 
ogies  of  low  energy  (1 00  eV  to  1  KeV) 
x-ray  generation,  manipulation,  and  de-' 
tection,  as  well  as  the  physical  pheno¬ 
mena  these  development]  make  accessi¬ 
ble.  Papers  are  solicited  in  the  areas  of 
low  energy  x-ray  sources,  detectors  and 
spectroscopy,  as  well  at  reHective  and 
diffractive  optics.  The  meeting  is  ex¬ 
pected  to  emphasize,  through  invited 
papers,  new  developments  in  microfab- 
rieation  techniques,  applications  to  the 
diagnosis  of  high  density,  high  temper¬ 
ature  plasmas,  and  x-ray  lithographic  ap¬ 
plications  in  science  and  industry.  Con¬ 
ference  Co-chairmen  ate  David  Attwood 
of  the  Lawrence  Livermore  National 
Laboratory  and  Burton  Henke  of  the 
University  of  Hawaii.  The  meeting  is 
jointly  sponsored  by  the  American  Phys¬ 
ical  Society,  the  U.  S.  Department  of  En¬ 
ergy,  and  the  Lawrence  Livermore  Nat¬ 
ional  Laboratory. 


-  Seminar  at  Lawrence  Livermore  National  Laboratory,  September  1981 

-  Seminar  at  Los  Alamos  National  Laboratory,  September  1981 

-  Seminar  at  Sandia  National  Laboratory,  September  1981 

-  Seminar  at  University  of  Rochester,  Laboratory  for  Laser  Energetics, 

September  1981 

-  Seminar  at  Eastman-Kodak  Company,  Rochester,  New  York,  September  1981 


1982 

-  Seminar  at  Lawrence  Livermore  National  Laboratory,  August  1982 

-  Seminar  at  Los  Alamos  National  Laboratory,  August  1982 

-  Seminar  at  Sandia  National  Laboratory,  August  1982 

-  Seminar  at  KMS  Fusion,  Ann  Arbor,  Michigan,  August  1982 

-  An  Eltiptioatly  Curved  Fixed  Analyzer  Spectrograph  for  the  Diagnostics 

of  Inertial  Fusion  Taigets  in  the  80-8000  eV  Region;  The  Character¬ 
ization  of  Five  Photographic  Films  for  Quantitative,  Low  Energy  X-Ray 
Spectroscopy,  24th  Annual  Meeting  of  the  Division  of  Plasma  Physics 
of  the  American  Physical  Society,  November  1-5,  1982,  New  Orleans 


Because  only  a  small  iiumbet  of  rooms 
have  been  reserved  ia  this  popular  tour¬ 
ist  region.  partidpaiiU  are  urged  to  re¬ 
serve  rooms  quickly  and  directly  at  the 
Doubletree  Inn,  Monterey,  California 
(telephone:  (408)  649451 1 1.  In  doing 
so,  refer  to  the  "X-Ray  Conference". 
Further  information  regarding  presen¬ 
tation  of  papers,  program  details,  and 
preregistration  can  be  obtained  by  writ¬ 
ing  to  David  T.  Attwood,  P.  O.  Box 
5508,  L479,  Lawrence  Livermore  Na¬ 
tional  Laboratory.  Uvcimore,  Calif. 
94550.  The  registntion  fee  of  approxi¬ 
mately  560  Includes  a  subsequent  copy 
of  the  meeting’s  ptooeedingi,  bound  in 
book  form  by  the  American  Institute  of 
Physics.  AH  presentations  must  be  avail¬ 
able  in  camerarteady  form  at  the  time  of 
the  mating,  to  APS  journal  standards, 
for  inclusion  in  the  published  proceed- 
ingi.  ■ 
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Some  Recent  Work  in  Low-Energy  X-Ray  Meaaitrement  and  Theory,  Seminar 
at  the  Department  of  Physics,  State  University  of  New  York  at 
Stony  Brook,  May  1983. 

Some  Recent  Work  in  Low-Energy  X-Ray  Measurement  and  Theory,  Seminar 
at  Brookhaven  National  Laboratory,  Upton,  New  York,  May  1983. 

Some  Recent  Work  in  Low-Energy  X-Ray  Measurement  and  Theory,  Seminar 
at  Philips  Electronic  Instruments,  Inc.,  Mahwah,  New  Jersey, 

May  1983. 

Seminar  on  Characterization  of  ftultilayer  Analyzers,  Energy  Conversion 
Devices,  Inc.,  Troy,  Michigan,  June  1983. 


V.  SOME  OF  THE  LABORATORY  FACILITIES 
OF  THIS  PROGRAM 
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Figure  6.  The  high  Intensity  excitation  source  that  Is 
used  1n  this  low  energy  x-ray  and  electron  spectroscopy 
Typical  Interchangeable  anodes  are  of  copper,  aluminum 
and  graphited  copper  for  the  Cu-K,  Al-K,  Cu-L  and  C-K 
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PULSED  SOURCE  SPECTROMETRY 


TWO-CHANNEL.  ELLIPTICAL  ANALYZER  SPECTROGRAPH  FOR  ABSOLUTE, 
riME-RESOLVING/TlME-INTECRATING  SPECTROMETRY  OF  ICF  PLASMAS 

IN  THE  100-10,000  eV  REGION 
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